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ABSTRACT
The concentrations of both Cryptosporidium oocysts and Giardia cysts in
environmental water are low. The ability to accurately detect, count, and manipulate
small numbers (i.e. 1 to 100) of these oocysts and cysts in surface water with
different levels of water quality ranging from low to high turbidity is considered
essential for the prevention of gastroenteritis associated with Cryptosporidium and
Giardia. The ability to accurately count and manipulate small numbers of both
organisms was systematically demonstrated. In addition, the reported data on the
statistical distribution of organisms found in comparison to the theoretical Poisson
model have shown that the direct cause of the observations of negative (zero)
findings from application of current monitoring of 10 L surface water sources of
public water supply samples using USEPA Method 1623 analysis is that the limit of
detection, dependent only on the sample volume and recovery efficiency of the
analysis in the specific water, is above the ambient concentration. Water samples
were collected from four coastal streams draining upland forested and agricultural
land in SE New South Wales in typical seasonal periods. Sample volumes were
sufficient to enable finding Cryptosporidium and Giardia in the majority of samples.
The oocyst concentration ranged from less than 0.07 to about 5.2 oocysts/L, while
the cysts concentration ranged from less than 0.04 to 7.7 cysts/L. The detection limit
of the immunomagnetic separation (IMS) method-based on method 1623 in surface
water samples covering a range of ambient water quality ranging up to turbidity
between 0.76 to 35 NTU was defined. The detection limit varied depending on the
type of the water sample and ranged from about 1.0 oocysts/L to as low as 0.03
oocysts/L, while the cysts limit of detection ranged from 0.02 to 0.24 cysts/L. The
average recovery rate of the IMS method 1623 was resulted in typical recovery
efficiencies of (25%) for oocysts and 58% cysts. The results of IMS-based method
have shown a differential response in a variety of water types and it yielded highly
variable results depending on the water type.
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The testing and evaluation of previously described loop-mediated isothermal
amplification (LAMP) assays and exploration of their quantitative characteristics
were pursued using Cryptosporidium control DNA and control DNA samples of
Giardia. The results showed that the LAMP assay has high sensitivity and ability to
amplify a single copy of the gene target resulting in a low detection limit for the
assay.
The oocyst and cyst quantification LAMP assays explored here represent a promising
alternative to immunofluorescence assay (IFA) and microscopy method for the
detection of both parasites in water samples. The LAMP assay was able to detect
DNA extracted from a single oocyst or cyst. With further development, LAMP
should be a useful alternative for quantifying total levels of both organisms and
makes an important direct contribution at a relatively low cost to test for the presence
and concentration of these organisms in water in comparison with the standard
methods currently in use. Use of suitable primers also offers potential for species
discrimination using the LAMP process.
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Chapter 1: Introduction

Chapter 1
1 INTRODUCTION
Cryptosporidium and Giardia spp. are ubiquitous protozoan enteric pathogens in the
environment. They are endemic in human and animal populations worldwide.
Infective stages of both organisms are encysted, released in the faeces and capable of
prolonged survival in the environment. The oocysts of Cryptosporidium and cysts of
Giardia are excreted in large numbers in the faeces of infected hosts and therefore
they can find their way into the food and water from time-to-time (Solo-Gabriele and
Neumeister 1996). Both organisms have many species, each with subtypes identifyable by a variety of molecular means. However not all may affect public health
(Alves et al. 2003; Sulaiman et al. 2005; Alves et al. 2006; Misic and Abe 2007;
Plutzer and Karanis 2007; Quilez et al. 2008). The parasites Cryptosporidium and
Giardia come from the gastrointestinal tract of warm blooded animals including
human beings. The diseases caused by Cryptosporidium and Giardia are called
cryptosporidiosis and giardiasis, respectively. They both cause a variety of symptoms
including: diarrhoea, nausea, abdominal cramps, weakness and chronic fatigue
(Gabriele et al. 1998; Franco et al. 2001; Chen et al. 2002; Winn Jr. et al. 2006;
Harvey et al. 2007). These symptoms can persist from a few days to a few weeks
(Centers for Disease Control and Prevention 2009). Cryptosporidiosis is normally
self-limiting in immunocompetent individuals, but it is potentially life threatening in
immunocompromised individuals such as patients who have had organ transplants or
cancer chemotherapy or who have the acquired immunodeficiency syndrome
(Current 1983; Hansen and Ongerth 1991) as well as very young or very old.
Giardiasis is considered treatable typically using anti-flagellate drugs (Escobedo and
Cimerman 2007). People can be exposed to Giardia and Cryptosporidium in many
ways such as person to person contact between young children, between humans and
animals as well as environmental media including from contaminated soil, water,
uncooked contaminated food, fruit and vegetables, insufficiently treated or
contaminated water supplies, swimming pools, nappy changing tables and exposure
17
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to faeces, and sexual activities (Casemore et al. 1985; Skeels et al. 1990; Meinhardt
et al. 1996; Fayer et al. 2000; M Hellard et al. 2003; Roy et al. 2004; Xiao et al.
2004; Hunter and Thompson 2005; Savioli et al. 2006; Smith et al. 2006; Youn et al.
2009). Cryptosporidium and Giardia can be introduced into water when
contaminated by sewage, animal waste, or animals’ faeces containing the parasites
deposited or flushed into water (Smith et al. 2007; Castro-Hermida et al. 2008;
Whitacre et al. 2008). Further, overland flow of animal faeces from grazing land into
rivers after heavy rains are a significant source of Cryptosporidium and Giardia in
surface waters (Ongerth and Stibbs 1987; Rose 1988; Ongerth and Stibbs. 1989;
Hansen and Ongerth 1991).
This work was designed to document a simple straight-forward means of providing
true quantitative oocyst and cyst concentration data from water samples analysed; to
examine alternative explanations of analytical findings “below the limit of detection
(<l.d.) including a) not present at the sampling location and time, and b) present but
at a concentration below the limit of detection; and to explore the potential for
adapting LAMP to analysis of crude particle assemblages potentially containing
Cryptosporidium oocysts and Giardia cysts. The approach used included: 1) local
accepted standard method, similar to USEPA Method 1623, consisting of 2 um pore
dia. 293 mm dia flat polycarbonate membrane filtration, followed by IMS and IFA
microscopy as specified by Method 1623; apply negative and positive controls to
demonstrate lack of contamination and provide for relevant recovery efficiency
measurement; 2) selection of sampling stations on local streams from catchments
relevant to local public water supplies that permitted comparison between them.
Select streams for: a) a range of flowrates; b) a range of catchment activities; c)
select three or more sampling sites on each stream from upstream to downstream to
reflect: increasing catchment area and variety of uses including only undeveloped
forest and agricultural land including pasturage of cattle, sheep, and horses.

18

Chapter 1: Introduction

1. 1 Problem Description
1.1.1

Efficient

generation

of

quantitative

Cryptosporidium

and

Giardia

concentration measurement
Cryptosporidium and Giardia are waterborne pathogens of sufficient significance
that their monitoring and control for public water supply is required in many parts of
the world including Australia, the EU, and the USA (European Commission 1998;
U.S. Environmental Protection Agency (USEPA) 2006). The procedure specified for
monitoring is typically USEPA Method 1623 based on cartridge filtration, elution,
immunomagnetic separation (IMS) and immunofluorescence assay (IFA) microscopy
(U.S. Environmental Protection Agency (USEPA) 2005). The standard volume of
water analysed using this procedure is 10 L and the recovery efficiency varies widely
between 15-20% and 80-90% with a typical average ca. 50% (Federal Register
2003). The limit of detection of a single oocyst or cyst for conditions of a 10 L
sample and 50% analytical recovery would be 1 (oo)cyst in 5 L or 0.2 (oo)cysts/L.
Unfortunately, application of this method has several characteristic problems
described below: 1) it requires highly trained technicians and is time consuming and
expensive; 2) the limit of detection is above the ambient concentration for the vast
majority of 10 L samples analysed (>90-95%); 3) it is applied on essentially a
“presence-absence” basis, although recovery is measured for batches of samples, it is
not used to calculate (estimate) the true concentration; 4) recovery efficiency
measured at single locations over time has been highly variable.
An outstanding feature of the vast majority of reports on the concentrations of
Cryptosporidium and Giardia in water is that the overwhelming majority of analyses
have resulted in not finding any. For example, large scale surveys of surface water
sources of public water supply in the United States, required by USEPA regulations,
have resulted in more than 90% of all analytical results that are zeros. More than
60% of all systems required to monitor have never reported a positive analytical
result (Maguire 2003 ). Elsewhere, a major water utility in Australia that analysed
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more than 4000 samples over the period from 1998 to 2005 reported finding only
two Cryptosporidium and four Giardia positive samples among them (Sydney Water
Annual Water Quality Reports 1999-2009).
The direct cause of negative analytical results is that the limit of detection, dependent
only on the sample volume and recovery efficiency of the analysis in the specific
water, is above the ambient concentration. Since the recovery efficiency is not
readily altered, only processing samples of larger volume can improve data results.
Although doubling the sample volume will likely double the cost of analysis,
producing non-zero results at perhaps half the current sampling frequency would
significantly improve the value of the resulting data. The resulting almost uniform
lack of positive analytical results for Cryptosporidium and Giardia in water samples
analysed by Method 1623 widely required by regulation or adopted as a standard is
the resulting interpretation. The most commonly expressed interpretation is that the
organisms are simply not present in the source at the time of sampling. An alternate
interpretation is that the concentration was simply below the limit of detection
attendant to the sample size and method limitations, published reports have shown
this alternate interpretation to be supportable (Ongerth 1989; Hansen and Ongerth
1991).Although this early work has been ignored it offers a straight forward
approach to testing the hypothesis of consistent vs. intermittent organism presence by
manipulating the limit of detection. This will be described further in detailing the
objectives of this project.
1.1.1.1 Recovery varies widely and unpredictably
The most essential factor in evaluating these methods is the quantitative accuracy of
recovery Cryptosporidium and Giardia from water. Regulations for these organisms
have been developed using estimates of population risk and general notions of risk
acceptability based partly on estimation of the economic impact of illness based on
the duration and severity of an infection. This approach is heavily dependent on
ability to quantify the exposure level. Yet, even casual examination of regulatory
requirements for Cryptosporidium and Giardia monitoring established by the
20
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USEPA 1622-23 (U.S. Environmental Protection Agency, 2005) and in Australia by
the NH&MRC (National Health & Medical Research Council, 2004) shows that
monitoring is almost exclusively qualitative, essentially only on a presence-absence
basis.
Recovery efficiency has been found to be highly variable for both organisms from
environmental water samples with the multiple laboratories and in a single laboratory
studies (Clancy et al. 1994). Measurement of recovery efficiency, highly dependent
on varying water quality conditions, is fundamental to calculation of concentration.
Calculation of ambient concentration in samples analysed based on measured totalmethod recovery efficiency, the number of organisms found, and the sample volume
processed is practical. Measurement of recovery efficiency by a single wellcontrolled analytical procedure indicates that recovery depends on water quality
conditions that vary unpredictably Figure 1. These data demonstrate both the
variability and the practicality of measuring recovery efficiency (WQRA,
unpublished).

Figure 1 Method 1622/23 IMS recovery efficiency for Cryptosporidium oocysts at
two sampling locations tributary to the same Australian reservoir, (unpublished)
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1.1.1.2 Limit of detection can be improved by larger samples
The limit of detection (LD) of analytical procedures applied to water sampling for
discrete, non-multiplying organisms like Cryptosporidium oocysts and Giardia cysts
is defined here as one organism (cyst or oocyst) in the volume of sample processed
divided by the recovery efficiency of the procedure. Accordingly, given its
unpredictable variability, the recovery efficiency of the procedure must be measured
and its characteristics understood to enable reliable and reproducible measurement of
oocyst and cyst concentrations. Description of the procedure to be used for
measurement of recovery efficiency is important; principally to document that it will
be applied across the entire process that will be used to analyse water samples in
which the concentration is to be measured, and that the measurement will be made in
the water being analysed (Ongerth 1994).
1.1.2

Alternative analytical approach to measurement of Cryptosporidium and
Giardia concentrations in environmental water samples

In the decade between 1985 and 1995 a great deal of time and effort was devoted to
the problem of developing analytical methods for monitoring Cryptosporidium and
Giardia in water. The problem had several challenges: 1) the ambient concentration
was low requiring processing large sample volumes, the current norm being 10 L; 2)
the organisms are present in the environment as non-multiplying resting stages,
oocysts and cysts so that microbiological techniques exploiting growth/multiplication
to assist detection were not available; 3) the organisms present in environmental
water samples are among huge numbers of naturally occurring particles of similar
size. Typically, 106 particles ranging from 1 to 25 µm in diameter are present per mL
in typical relatively high quality surface water. The analytical procedures explored
all required several steps: 1) an initial step of concentrating all particles in the size
range of Cryptosporidium oocysts (2-5 µm) and Giardia cysts (5-15 µm); 2) some
means of preferentially concentrating the target organisms, accomplished in Method
1623 by IMS; and finally a detection step, accomplished in Method 1623 by IFA and
microscopic examination by a trained and experienced technician. Prominent
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alternative detection schemes that have received significant effort include flow
cytometry and PCR. Neither has provided consistent results at competitive cost.
1.1.3

Newly developed molecular method, LAMP, offers potential advantages

An alternative procedure for amplification of nucleic acids (DNA and RNA), loopmediated isothermal amplification, termed LAMP, has recently been developed
(Notomi et al. 2000). The procedure offers great potential as a rapid low-cost
molecular method for organisms and disease causing agents (Karanis and Ongerth
2009; Mori and Notomi 2009). The LAMP procedure has been shown to have the
advantages of high degrees of specificity, sensitivity, efficiency, and rapidity under
isothermal conditions requiring only a simple incubator. The method has been
demonstrated as effective for detection of both Cryptosporidium oocysts (Karanis et
al. 2007; Bakheit et al. 2008), and Giardia species (Plutzer and Karanis 2009).
The LAMP procedure has been described as follows, “briefly, LAMP employs four
primers recognizing six independent sequences of the selected target gene for
initiation, with four sequences subsequently used for amplification and visualisation
of the amplified product. It uses a robust polymerase (BST) to amplify target DNA
(or RNA by inclusion of reverse transcriptase) proceeding to an autocycling strand
displacement mechanism, at a constant temperature, producing detectable product in
approximately 1 h (Karanis and Ongerth 2009). Recent studies have been reported
describing the applicability of LAMP to finding Cryptosporidium and Giardia in
water as noted above. However, no studies have compared the LAMP method
performance to the IFA staining method for a variety of waters and under a range of
conditions. Use of the IFA procedure for Cryptosporidium and Giardia detection in
water has been reported since 1985 (Ongerth and Stibbs 1987). The first
demonstration of LAMP for detecting the Cryptosporidium was applied by (Karanis
et al. 2007), and for Giardia (Plutzer and Karanis 2009).
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1.1.3.1 Highly sensitive and specific detection
Application of LAMP is highly sensitive owing to its use of double primers, is
unaffected by extraneous DNA (Notomi et al. 2000). Also, it is not troubled by
inhibitors commonly plaguing PCR monitoring of organisms in water (Karanis et al.
2007). Application of LAMP to Cryptosporidium has demonstrated that the
procedure can detect DNA concentrations equivalent to as little as 0.1 oocyst
(Karanis et al. 2007). Numerous applications have been reported documenting the
ability of this procedure to detect specific target DNA in crude preparations
containing extraneous DNA (Karanis and Ongerth 2009). For example, the method
has been applied to amplify the heat shock protein (HSP)-70 of C. andersoni to
detect Cryptosporidium species DNA that was extracted from faecal samples
(Bakheit et al. 2008). An important feature of the preceding work was the
confirmation by sequencing that the LAMP product was faithful to the target
sequence.
1.1.3.2 Potential ability to detect in crude unsorted particle assemblages
Features of the LAMP procedure cited above suggest the attractive potential for
using it to quantify specifically Cryptosporidium and/or Giardia DNA in crude
pellets isolated from environmental water samples without the need for separation of
DNA from the digested pellet. This potential will be described further in presenting
the objectives of this project.
1. 2 The significance of the problem
The Cryptosporidium oocyst and Giardia cysts are prevalent in many countries
worldwide and they are endemic in human and animal populations worldwide.
Cryptosporidium was recognised as a pathogen of potentially grave human health
significance, interest and research on Giardia related to public water supply receded
into the background. While giardiasis may have some objective features that make it
a more significant health issue than cryptosporidiosis, giardiasis has had
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chemotherapeutic treatment recourse available. No effective chemotherapeutic agent
has been found for Cryptosporidium infections. Although in normal healthy hosts,
both human and animal, cryptosporidiosis is self-limited, though it may be acute and
unpleasant, it is not life-threatening. In the severely immune-deficient and potentially
in the very young and elderly it is considered more significant. Progress in the
management of HIV infections by chemotherapeutic regimens has virtually
eliminated mortality among AIDS sufferers due to cryptosporidiosis.
Cryptosporidiosis and giardiasis are linked to direct contact with infected animals;
they can also be transmitted by interpersonal contacts and through water, which
accounts for most Cryptosporidiosis and giardiasis transmission in many countries
worldwide.
Cryptosporidium is estimated to be responsible for infected 2 to 5 per 100,000
populations per year by cryptosporidiosis (cryptosporidiosis incidence rates), while
Giardia is expected to be responsible for infected 12 to 18 per 100,000 populations
per year by giardiasis (giardiasis incidence rates) (Robertson, L. J., H. V. Smith, et
al. (1994).
In the early 1980’s Cryptosporidium gained unfortunate significance as it began to
account for a proportion (ca. 5%) of deaths in the growing AIDS epidemic.
Cryptosporidiosis is the single most common reason for developing a modified acidfast stain (Bronsdon, M. A. (1984), an IFA for Cryptosporidium oocysts (Stibbs, H.
H. and J. E. Ongerth (1986) and numbers of studies which described the basic
features of oocyst characteristics in the environment and in water treatment processes
(Ongerth, J. E. and H. H. Stibbs (1989) Ongerth, J. E. and J. Pecoraro Proctor
(1995)). Also significant research was also pursued to describe Cryptosporidium
oocysts and Giardia cysts genetic characteristics.
Current monitoring practices that minimise the volume analysed, not incorporate
recovery into concentration calculation, and result in rarely finding the target
organism, provide only a false sense of security. The only information provided by
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such monitoring is simply that the organism is not present at the limit of detection
achieved. The data are not useful for risk estimation or for catchment management
planning.
Measurement of concentration in a reliable and reproducible manner is essential also
to monitoring any trends in organism concentration.
Quantitative procedure having a lower limit of detection increased importance of
environmental pathogen quantitation needed for use in quantitative both organisms
risk assessment.
LAMP procedure is highly sensitive owing to its use of double primers, is unaffected
by extraneous DNA, and is not troubled by inhibitors commonly plaguing PCR
monitoring of organisms in water.
This project is designed to document a simple straight-forward means of providing
true quantitative data from water samples analysed; and to explore the potential for
adapting LAMP to analysis of crude particle assemblages potentially containing
Cryptosporidium oocysts and Giardia cysts.
1. 3 Background
The method stipulates QA procedures requiring measurement of the number of
organisms recovered following addition of 100 to 500 cysts and oocysts. A critical
application for exact numbers of organisms is in preparation of positive controls for
routine analysis of water samples to enable determining the concentrations of
Cryptosporidium and Giardia in samples collected from the environment,
particularly in which the most frequent analytical result is zero. Current monitoring
practices that minimise the volume analysed, not incorporate recovery into
concentration calculation, and result in rarely finding the target organism, provide
only a false sense of security. The only information provided by such monitoring is
simply that the organism is not present at the limit of detection achieved. The data
are not useful for risk estimation or for catchment management planning.
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Significant research was also pursued to describe genetic characteristics revealing
numerous individual species and provided ability to conduct molecular source
tracking for Cryptosporidium of the same species taking advantage of polymorphism
at several gene locations e.g. SAM-1, HSP 70, gp60 (Leetz et al. 2007).
Measurement of concentration in a reliable and reproducible manner is essential also
to monitoring any trends in organism concentration. A significant addition to
biological

monitoring

was

the

development

of

loop-mediated

isothermal

amplification (LAMP) by Notomi et al (21). This procedure has opened new avenues
for molecular-based monitoring of pathogens in environmental media (Karanis and
Ongerth 2009). The method is highly sensitive owing to its use of double primers, is
unaffected by extraneous DNA, and is not troubled by inhibitors commonly plaguing
PCR monitoring of organisms in water. The method has been applied to detection of
both Cryptosporidium (Karanis et al. 2007; Bakheit et al. 2008) and Giardia in water
and wastewater samples (Plutzer and Karanis 2007). Current monitoring practices
that analysis of 10 L surface water samples resulting in not finding any target
organisms is the result of their presence below the limit of detection. Collect samples
as single large volumes, i.e. 60 L, but analyse samples in replicate 10 L aliquots
would provide more useful information. This can presented as a hypothesis.
Hypotheses:
a- The cause of finding no Cryptosporidium oocysts and Giardia cysts in any
water sample is that the ambient concentration was below the limit of
detection.
b- The difference between describing Cryptosporidium oocysts and Giardia
cysts presence in environmental media (e.g. Surface waters) interims of raw
numbers and in terms of true concentration measuring and adjusting for
recovery efficiency of the analytical is significant (x2 - x10).
Collection and analysis of data will be designed to examine whether organism
presence and recovery efficiencies vary independently (potentially negatively
correlated) emphasizing the significance of the difference.
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At the beginning this study, a comprehensive review of the existing literature was
undertaken regarding the Cryptosporidium oocysts and Giardia cysts recovery
efficiencies, epidemiological studies of Cryptosporidium and Giardia infection, and
genetic and biochemical studies such as PCR for detecting and genotyping the
Cryptosporidium spp. and Giardia spp. and regarding an alternative procedure for
amplification of nucleic acids (DNA and RNA) termed LAMP for the detection of
Cryptosporidium oocysts and Giardia cysts in environmental samples. Early cases of
cryptosporidiosis in human patients were published in 1976 (Meisel et al. 1976;
Nime et al. 1976; Ungar 1990; Fayer et al. 2000). Since then, the published data on
Cryptosporidium have increased rapidly. Based on these observations from the
literature regarding Cryptosporidium and Giardia in environmental samples, an
outline of the literature is presented below.
1.3.1

Cryptosporidium oocyst and Giardia cyst

Organisms of the genus Cryptosporidium and Giardia are pathogenic agents of
diarrhoea in both immunocompetent and immunocompromised humans (Pitlik et al.
1983; Manivel et al. 1985; Holly and Dover 1986). Furthermore, Cryptosporidium
spp. has numerous animal hosts, including nearly 40 species of domestic and wild
animals (Angus 1983; Tzipori 1983). It has been reported that the Cryptosporidium
spp. has caused respiratory infections in humans (Ma et al. 1984). Reports also
indicate that it causes diarrhoea in children and adults worldwide (Jokipii et al. 1983;
Hunt et al. 1984). In addition, outbreaks of cryptosporidiosis have been reported
sporadically in day-care centres (Centers for Disease Control 1984), and community
outbreaks attributed to public water supply have recently been reported in both the
United States (D'Antonio et al. 1985; Hayes et al. 1989) and Europe (Colburn 1989;
Smith et al. 1989; Rush et al. 1990). Furthermore, analysis of river water samples
from the different parts of the United States and Europe shows that Cryptosporidium
spp. should be considered a ubiquitous waterborne organism (Ma et al. 1985 ;
Ongerth and Stibbs 1986; Rose 1988; Galbright 1989; Karanis and Kourenti 2004).

28

Chapter 1: Introduction

Previous studies have established the presence of Cryptosporidium oocysts in rivers
in the north-western United States and California, in the Southwest and the Midwest
and on the East Coast (Ongerth and Stibbs 1986; Hansen and Ongerth 1991). Thus,
Cryptosporidium oocysts are considered ubiquitous in surface waters (Hansen and
Ongerth 1991). The presence of Giardia cysts and Cryptosporidium oocysts in water
supply sources, indicating the potential for waterborne transmission, is a matter of
concern for public health and to purveyors and regulators of public water supplies
(Ongerth and Stibbs 1986) and has led to their regulation in water supply, USEPA,
2005. In addition, when water treatment is inadequate, drinking water may contain
enough parasite numbers to cause illness (Karanis et al. 2006). The number of
parasites required to make infection is relatively small. To conclude, most of the
reported outbreaks associated with these protozoan pathogens occur through water
(Craun et al. 1998; Barwick et al. 2000; Lee et al. 2002), significant numbers of
outbreaks have also occurred in day-care centres (Pickering et al. 1981; Pickering et
al. 1984; Sullivan P et al. 1984; Van et al. 1990; Cody et al. 1994; Orenstein et al.
1994; Holmes et al. 1996) with additional outbreaks attributed to transmission foodrelated (Robertson and Gjerde 2001). The most important cycles of transmission for
maintaining Giardia and Cryptosporidium and as well as direct transmission, water
and food that may be also played a role in transmission of these organisms. At least
325 outbreaks associated with waterborne transmission of protozoan parasitic agents
have been reported (Karanis and Kourenti 2004). In current years, the waterborne
disease outbreaks of giardiasis and cryptosporidiosis have increased dramatically
(Mayer and Palmer 1996). In 1990s, a single waterborne outbreak was reported to
result in 403,000 cases of diarrhoea attributed to cryptosporidiosis with an estimated
70 deaths (Mackenzie 1994).
1.3.1.1 Scientific Classification
1.3.1.1.1 Cryptosporidium spp.
The protozoan parasites of the genus Cryptosporidium were first described in the
gastric glands of the mouse by Ernest Edward Tyzzer in 1907 and have been
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assigned to the class Sporozoa. The species within the genus Cryptosporidium was
later belonging to the family of Cryptosporidiidae by Leger in1911. Subsequently,
more than one species of Cryptosporidium was described by Tyzzer in 1912 (Tyzzer
1907; Lavine 1973; Tzipori et al. 1980; Tzipori 1983; Xiao et al. 2004; Plutzer and
Karanis 2009).
Cryptosporidium is a genus in the family Cryptosporidiidae, whose members have
two pairs uncovered sporozoites inside their oocysts; suborder Eimeriina, in which
independent micro- and macrogamy develop; order Eucoccidiida, in which
schizogony occurs; subclass Coccidia, the life cycle of which involves merogony,
gametogony, and sporogony; class Sporozoa, whose members reproduce by asexual
and sexual cycles; and phylum Apicomplexa, whose members possess an apical
complex. The location where they are found inside the host cell membrane is one of
the major features that distinguish Cryptosporidium spp. from other coccidians.
There are, however, many unique features that distinguish Cryptosporidium from
other coccidian including importantly: 1), the ability for autoinfection; and 2) their
resistance to any antiparasitic agents (Levine et al. 1980; Tzipori 1983; Plutzer and
Karanis 2009). Recently, 20 Cryptosporidium species have been documented and
nearly 61 Cryptosporidium genotypes with uncertain species status have been found
based on SSUrRNA sequences (Plutzer and Karanis 2009).
1.3.1.1.2 Giardia spp.
The flagellated protozoan parasites of the genus Giardia were initially observed in
1681 by Antonie van Leeuwenhoek in his own diarrhoea stools (Dobell 1920; Adam
2001). After 178 years, the parasite was described in greater detail by Lambl, who
thought the protozoan parasite belonged to the genus Cercomonas and proposed the
name Cercomonas intestinalis (Lambl 1859; Adam 2001). Thereafter, his name has
been proposed to attach the genus or the species infecting humans (G. lamblia). The
first time Giardia was used as a genus name was in 1882 and 1883 by Kunstler. In
1888, Blanchard proposed the name Lamblia intestinalis (Blanchard 1888; Adam
2001). which changed to Giardia duodenalis by Stiles in 1902 (Stiles 1902; Adam
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2001). Kofoid and Christiansen suggested the names Giardia lamblia and Giardia
enteric (Kofoid and Christensen 1920; Adam 2001) in 1915 and 1920, respectively.
Over forty species have been described from different animals; however, many of
them are possibly synonyms (Adam 2001).
The Genetic and biochemical studies for characterising isolates of Giardia directly
from faeces or environmental samples have revealed the heterogeneity of this
parasite. It is now apparent that the G. duodenalis morphological group is a species
compound comprising a series of what appear to be largely host-adapted species, and
at least two zoonotic species infect humans but are also able of infecting a variety of
other mammals (Adam 2001; Thompson and Monis 2004).
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Table 1 shows organism’s classification and other described species in the genus
Cryptosporidium and Giardia
Giardia
Cryptosporidium
Scientific Classification

species

Scientific Classification

species

Domain: Eukaryota
Kingdom: protozoa
Subkingdom: Biciliata
Infrakingdom: Excavata
phylum: Sarcomastigophora
Subphylum: Trichozoa
Superclass: Mastigophora
Class: zoomastigophorea
Subclass: Diplozoa
Order: Diplomonadida
Family: Hexamitidae
Genus: Giardia
Species: lamblia

Giardia beckeri
G. beltrani
G. botauri
G. bovis
G. bradypi
G. canis
G. caprae
G. cati
G. caviae
G. chinchillae
G. dasi
G. equii
G. floridae
G. hegneri
G. herodiadis
G. hyderabadensis
G. irarae
G. marginalis
G. melospizae
G. nycticori
G. ondatrae
G. otomyis
G. pitymysi
G. pseudoardeae
G. recurvirostrae
G. sanguinis
G. serpentis
G. simoni
G. sturnellae
G. suricatae
G. tucani
G. varani
G.viscaciae
G. wenyoni

Domain: Eukaryota
Kingdom: Chromalveolata
Subkingdom: Biciliata
Infrakingdom: Alveolata
Phylum: Myzozoa
SubPhylum: Apicomplexa
Class: Conoidasida
Subclass: Coccidiasina
Order: Eucoccidiorida
Suborder: Eimeriorina
Family: Cryptosporidiidae
Genus: Cryptosporidium
Species: parvum

C. bailey
C. andersoni
C .bovis
C. canis
C. cichlidis
C. cuniculus
C. felis
C. galli
C. hominis
C. meleagridis
C. muris
C. nasoris
C. parvum
C. pestis
C. reichenbachklinkei
C. saurophilum
C. scophthalmi
C. serpentis
C. suis
C. varanii
C. wrairi

Scientific name:
Giardia lamblia
(Giardia lamblia = G.
intestinalis, = G.
duodenalis).

Scientific name:
Cryptosporidium parvum

Giardia and Cryptosporidium classification by:
(Margulis 1971; Levine et al. 1980; Corliss 1981; Levine 1982; Margulis and Schwartz 1982;
Vickerman 1982; Corliss 1984; Cavalier-Smith 1988; Januschka et al. 1988; Margulis and Schwartz
1988; Cavalier-Smith 1989; Sogin et al. 1989; Woese et al. 1990; Cavalier- smith 1993; CavalierSmith 1998; Margulis and K. V. Schwartz 1998; Brugerolle and Lee 2000; Upton 2000; Adam 2001;
Cavalier-Smith 2002; Cavalier-Smith 2003; Adl et al. 2005).
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1.3.2

Contamination of surface water with Cryptosporidium and Giardia

Cryptosporidiosis and giardiasis are associated with some sources of water. Some
studies in the United States described that the reported frequency on occurrences of
surface water contamination with Cryptosporidium and Giardia are from 60 to 96%
(LeChevallier et al. 1991; Ongerath et al. 1995; Guy et al. 2003). Several researchers
(Isaac-Renton et al. 1996; Wallis et al. 1996) reported that the incidences of
contamination in surface water with both organisms ranged from 20 to 64% in
Canada. The concentrations of these protozoa in surface waters are extremely low,
varying from 0.5 to 5,000 organisms /100 L water (Ongerath et al. 1995; Ong et al.
1996; Wallis et al. 1996; Payment et al. 2000). (Wallis et al. 2001) proposed that the
concentration levels of these organisms in 100 L of water sampled should be less
than 5 Giardia cysts and between 10 to 30 Cryptosporidium oocysts (Haas and Rose
1996) to prevent outbreaks with these parasites. Currently, the reported of occurrence
of waterborne disease outbreaks with Giardia and Cryptosporidium appears to have
been a increasing (Mayer and Palmer 1996).
1.3.3

Spread of cryptosporidiosis and giardiasis in many Arab countries, Australia
and the world.

Evidence on Cryptosporidium and Giardia infections as well as studies regarding the
problem of childhood diarrhoea in Libya are very limited. These studies have carried
out mainly in the two major cities of the country (Tripoli and Benghazi). Moreover,
most of these studies are either dealt with a single agent (namely rotavirus) or viral
and bacterial, but not parasitic agents (Ali et al. 2005). Another study in Zliten was
carried out to determine the etiological agents of diarrhoea in children in Libya. This
study detected Cryptosporidium in 13% and Giardia lamblia in 1.2% of 169 patients.
They found that the Cryptosporidium and various pathogens were the most important
enteric agents associated with childhood diarrhoea in Zliten (Ali et al. 2005). Other
studies in Arabic countries, on the prevalence of enteric protozoa among school
children, detected Cryptosporidium in 32% of 63 patients with diarrhoea to be
excreting Cryptosporidium oocysts (Al- Braiken FA et al. 2003; Ali et al. 2005). In
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Jordan and Kuwait, the reported showed that the rates of diarrheic children were
6.7% and 10%, respectively (Nimri L. F. and Hijazi S. S. 1994; Iqbal J et al. 2001;
Ali et al. 2005).
Reports on the occurrence of infection by Cryptosporidium in Australia are less than
those for Giardia (Cruickshank et al. 1988; Hutton and Ongerth 1993) illustrated that
the epidemics have been recorded in day-care nurseries; most probably spreading
from person to person. In South Australia, a major outbreak of Cryptosporidium
infections was recorded in 1990/91 (Weinstein et al. 1993). Statistical analysis
showed that people drinking rainwater were less frequently infected, and the
consumption of spring water or mains water may have been the transmission
pathway. In Australia, only one drinking water-related outbreak of infections by
Cryptosporidium and Giardia has been documented, and this involved gross sewage
contamination of a small private water supply (Lester 1992).
In Australia, a general specialist in the Sydney suburb of Sutherland in January 1995
reported to the Southern Sydney Public Health Unit increases in numbers of patients
presenting

with

watery

diarrhoea

and

of

stool

specimens

positive

for

Cryptosporidium at a local laboratory (Lemmon et al. 1996). Further investigation
indicated that this outbreak was attributed to faecal contamination in a public
swimming pool. To prevent spread of cryptosporidiosis, South Australia in 1995 was
the only Australian State to require routine reporting of cryptosporidium detection by
laboratories and doctors to public health authorities. Since then, Victoria and
Queensland have introduced the requirement and New South Wales followed suit on
1 December 1996. Applying this requirement in all States and Territories was judged
to assist in early detection and control of future outbreaks of cryptosporidiosis
(Lemmon et al. 1996).
In Sydney, Australia, a series of boil all drinking water advisories in 1998 followed
high-level Cryptosporidium detections in Greater Sydney’s water supply (Cox P et
al. 2003). Although no cases of giardiasis or cryptosporidiosis were associated with
the incident, the Australian water industry responded by voluntarily adopting
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externally audited risk management systems based on hazard analysis and critical
control points (HACCP) (Deere and Davison 1998; Ferguson et al. 2006).
In 2007, Communicable Disease Control Branch (CDCB) in South Australia has
received an uncommonly high number of notifications of cryptosporidiosis, with 140
cases reported since 1 Jan 2007 compared to 45 cases for the same period in 2006
(Communicable Disease Control Branch 2007). A number of this year’s cases have
reported exposure to swimming pools and to other infected people. When cases
report exposure to a public swimming pool local councils are informed and follow
this up (Communicable Disease Control Branch 2007).
Several studies in Australia are known regarding infections with Giardia and
Cryptosporidium in dogs, calves, and humans. One of these studies was conducted
on fecal samples from dogs in the Geelong and Melbourne in Australia reported that
the Cryptosporidium prevalence was ranging from 0.7 to 19.6% (Johnston and
Gasser. 1993). In 1995, study was conducted on samples collected from public parks
in Hobart, Tasmania, in which 1.8% of samples from urban dogs and 9.2% of
samples were found to be positive for Cryptosporidium oocysts (Milstein and
Goldsmid. 1995). (O’Handley RM et al. 1999) showed that, 58% of calves were
found to be positive for Giardia on two commercial dairies located near Perth,
Western Australia. In other study, (O’Handley RM et al. 1999) recommend that the
public health risk from Giardia-infected cattle may be minimal, at least in Australia.
Moreover, the Cryptosporidium parvum (cattle genotype) as well infects humans and
other mammals but no study shows the C. andersoni is zoonotic (Moro et al. 2003).
In 2008, a study was conducted on 50 Australian children with gastrointestinal
symptoms and seven isolates from Australian neonatal dairy calves were genotyped
and sub-genotyped at the 18S rDNA and GP60 loci, respectively, and compared with
human and animal isolates collected from Europe, the US and Canada (n = 35)
reported that 92 of stool samples were Cryptosporidium-positive (O'Brien et al.
2008). This study proposes that even though transmission is largely anthroponotic in
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Australia, cattle and other domestic and wild may be a source of sporadic human
infections in Australia.
Cryptosporidium parvum and Giardia intestinalis are important intestinal protozoan
parasites that may be transmitted by the waterborne route and infected a variety of
domestic animals (Fayer et al. 1997). Surveys indicate a widespread occurrence of
these parasites in waters around the world and waterborne outbreaks of infections
with these parasites have been documented. (Karanis and Ongerth 2009) one of these
surveys was carried out on 50 water samples from 26 water sources for these
parasites. Results reported that the Giardia was detected in 26% and
Cryptosporidium detected in 32% of the samples (Hansen and Stenstrom 1998).
Many epidemiological studies of Cryptosporidium infection have been reported from
different geographical regions of the world. These reports showed that the prevalence
of C. parvum in calves varies from region to region. one study was conducted on
7369 calves from 1103 dairy farms in the US reported that the Cryptosporidium
infection was in 48% of the calves between 7 and 21 days old, with at least one calf
testing positive on 59% of the farms (Garber et al. 1994). Also other studies of
Cryptosporidium infection have been reported in Europe (Viring et al. 1993; Scott et
al. 1995), 11–15% in Asia (Miyaji et al. 1990; Wee et al. 1996) and 25–59% in
different regions (Olson et al. 1997; Maldonado-Camargo et al. 1998). Furthermore,
Of these studies, the study was conducted on 386 of the calves up to 24 weeks old
from 20 dairy farms in British Columbia showed that the 59% of them were found to
be shedding C. parvum oocysts (Olson et al. 1997) and 80% of the farms were
infected by C. parvum oocysts. Study was on 505 dairy calves detected that the 88%
of them were infected by Cryptosporidium (Ruest et al. 1998). These studies clearly
show that the bovine cryptosporidiosis and giardiasis have worldwide distributions
(Olson et al. 1997; Fayer et al. 2000b).
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1.3.4

Distribution and prevalence of infections in humans

The first reported of human cryptosporidiosis was two patients with Cryptosporidium
infection in 1976. Many more cases were diagnosed over the next six years in over
90 countries on six continents (Ungar 1990; Fayer et al. 2000). Since then,
Cryptosporidium has been identified as a cause of sporadic human gastrointestinal
disease as well as of large outbreaks, particularly waterborne outbreaks (Meinhardt et
al. 1996; Rose et al. 2002; Hu et al. 2007). In early reports most cases involved
immunocompromised individuals therefore the parasite was thought to be a rare
opportunistic pathogen. In 1982, however, infections were associated with significant
mortality rates in acquired immunodeficiency syndrome (AIDS) patients and the first
clinical outbreak was recorded in immunocompetent individuals (Anonymous 1982;
O'Donoghue 1995). Several studies show that more than 250 million humans are
infected annually with Cryptosporidium in Asia, Africa and Latin America
(CurrentW 1991; Hu et al. 2007), in Queensland, Australia, a total of 5744
laboratory-confirmed cryptosporidiosis cases have been identified between 1996 and
2004 (Australian Department of Health and Aged Care 2006; Hu et al. 2007).
Epidemiological data on the prevalence of Cryptosporidium infections seem to be
very sparse in most developing countries. The prevalence of Cryptosporidium in
children with diarrhoea was found to be 8.8% in Iraq (Mahdi et al. 1996; Sameer M.
Abu-Alrub et al. 2008), 1.5% in Irbid, a city in Jordan, (Sameer M. Abu-Alrub et al.
2008), in Bethlehem; Gaza-Palestine, 13.5%, 14.6% respectively (Sallon et al. 1988;
Sallon et al. 1994; Sameer M. Abu-Alrub et al. 2008) and 16.6%, 11.6%, 27.9% in
Egypt for the years 1986, 1987 and 1996 respectively (Michel et al. 2000; Sameer M.
Abu-Alrub et al. 2008). In India, the prevalence was found to be 7.3% (Hsu et al.
2002; Sameer M. Abu-Alrub et al. 2008).
The incidence of cryptosporidiosis has been shown to peak between summer and
autumn. However, the patterns reported have been variable, with higher prevalence
in hot months, cool months, or rainy seasons (Rose 1997; Hu et al. 2007). The
reasons for such seasonal heterogeneity are poorly understood (Naumova et al.
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2005). Furthermore, few studies have examined the relationship between weather
variables and cryptosporidiosis in literature, although there appear to be seasonal
patterns of cryptosporidiosis.
1.3.5

Age and sex distribution

Many of the earliest reported cases of human patients with Cryptosporidium
infection were often described in immunologically deficient adults. Interest was
drawn in the early 1980s, to sporadic infection in the community level especially in
otherwise healthy immunocompetent children (Casemore DP 1983; Hart C. A. et al.
1984; Meinhardt et al. 1996; David P. Casemore et al. 1997). Subsequent studies
have confirmed that in most areas of the world peak incidence is seen in children
aged 1-5 years (Cryptosporidiosis in England and Wales: 1990; Casemore DP. 1992;
David P. Casemore et al. 1997). Consequently, surveys conducted in the U.K,
involving over 60,000 patients in England. Wales and elsewhere confirmed a peak
incidence in children aged 1-5 years (Casemore DP 1983; Palmer and Biffin 1987;
Casemore 1990; Cryptosporidiosis in England and Wales: 1990; David P. Casemore
et al. 1997). Surveys included patients of all ages, and examination of laboratory
denominator data indicated that the peak was not the result of age sampling bias
(Casemore DP. 1992; Meinhardt et al. 1996; David P. Casemore et al. 1997). In these
surveys, cryptosporidiosis occurred less commonly in children under one year of age
and was infrequent in children under six months of age. A similar observation came
from the United Kingdom (Thomson et al. 1987; Meinhardt et al. 1996; David P.
Casemore et al. 1997), the United States (Wolfson 1985; Meinhardt et al. 1996),
Central and South America and parts of Africa (Bogaerts J. et al. 1984; Fayer R. and
Ungar BL. 1986; Hojlyng N. et al. 1986; Mata L. 1986; Gomme et al. 1987; Pape
JW. et al. 1987; Crawford and Vermund 1988; Reinthaler F. F. 1989; Casemore
1990; Vuorio et al. 1991; Mahajan et al. 1992; Chacin-Bonilla et al. 1993; Das et al.
1993; Miller et al. 1994; Molbak et al. 1994; Okafor and Okunji 1994; Nahrstedt and
Gimbel 1996; David P. Casemore et al. 1997). On the other hand, in other surveys in
the United Kingdom (Hart C. A. et al. 1984; Baxby D. and Hart CA. 1986; Hart and
Baxby 1986; Meinhardt et al. 1996), Ireland (Corbett-Feeney 1987; Nahrstedt and
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Gimbel 1996), and in several developing countries (Mathan MM. et al. 1985; Pareja
et al. 1988; Meinhardt et al. 1996), Cryptosporidium infection was common in
children under 12 months of age (Casemore 1990; David P. Casemore et al. 1997).
The reasons for these differences are still unclear, but they may be related to
maternal levels of acquired immunity, breast-feeding practices, and frequency of
exposure (Casemore 1990; Meinhardt et al. 1996). A secondary peak in laboratoryconfirmed incidence was seen in young adults aged 20 to 40 years that was
commonly attributed to family contact with children or occupational exposure
(Casemore DP. 1988; Meinhardt et al. 1996) in a community where adults have
repeated contact with cattle, cases are commonly seen only among young children,
presumably reflecting regular exposure and subsequent immunity to symptomatic
infection in adults (Meinhardt et al. 1996). In the U.K., Clinical infection is
uncommon after the age of 40 years, and there is apparently no evidence of elevated
incidence rates in susceptible adults (Casemore DP. 1988; Casemore 1990;
Cryptosporidiosis in England and Wales: 1990; Casemore DP. 1992; Meinhardt et al.
1996).
The cases of cryptosporidiosis distribution by sex indicate that incidence in both
genders appears to be generally the same (Fayer R. and Ungar BL. 1986; Casemore
DP. 1988; Cryptosporidium in water supplies: 1990; Meinhardt et al. 1996).
However, many investigations that have reported infection rates by sex were based
on figures that were unadjusted for denominator data. Detailed analyses using
adjusted values may reveal differences in sex-specific distribution from those shown
by analysis of simple incidence figures, but such analyses have yet to be reported
(Casemore 1990; Meinhardt et al. 1996). In India, survey conducted on hospitalized
children (Das et al. 1993; David P. Casemore et al. 1997) showed that there was no
significant sex-specific difference, even though in Delhi infection was predominant
in males (Mahajan et al. 1992; David P. Casemore et al. 1997). Cryptosporidiosis in
Scotland, appears mainly in males over females in young children, although in young
adults there were more infections in females than males (Marshall R. 1991; David P.
Casemore et al. 1997). This variation may be due to elucidated by the observation of
39

Chapter 1: Introduction

a slight bias towards males in rates for infectious diseases commonly among
children, while the increased rate for young adult females may be explained by the
tendency for adult females to be generally responsible for children (David P.
Casemore et al. 1997).
1.3.6

Analytical methods

Quantitative methods for measuring the concentrations of Giardia cysts and
Cryptosporidium oocysts in water were developed and tested beginning in the early
1980’s (Ongerth and Stibbs 1987; Ongerth and Stibbs. 1989). Key features of the
analytical procedures included: sample collection and concentration, separation of
cysts and oocysts from the contaminating debris, and detection of cysts and oocysts
including suitable negative and positive controls as briefly described below.
1.3.6.1 Collection and concentration
The initial sample processing step consists of separating the naturally occurring
particles in the size range of the target organisms and concentrating them.
Concentration typically involves filtering for example, using a 293 mm Nuclepore
membrane, 2 μm pore size. Alternatives have included a tangential-flow multiplefilter system, and MiniCapsule filter (Gelman 12123), (Hausler et al. 1984; Wallis
and J.M. Buchanan-Mapin 1985; Isaac-Renton et al. 1986) that have been used in the
1980s and none of these methods was applied widely after that time. the cartridge
filter method (Musial et al. 1987) was used until publication of Method 1623 in
2002. The membrane filter method (Ongerth and Stibbs 1987) continues to be used
in Australia for analysis of Cryptosporidium oocysts and Giardia cysts in water.
1.3.6.1.1 Polypropylene Cartridge Filtration
The process of recovering particles from the filter after delivery to the laboratory
requires cutting the filter yarn from the septum and washing by hand or
mechanically, generating about 2 L of particle suspension and then concentrated by
centrifugation.
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1.3.6.1.2 Membrane Filtration
Membrane filtration technique collects the particle concentrate by using a 293 mm or
142 mm dia. 2 um pore polycarbonate membrane mounted in a stainless steel filter
holder. Water is drawn through the filter under vacuum. After filtration, the filter is
removed from the holder and placed face-up on pane of glass, wetted from top to
bottom with filtered-Milli-Q water and squeegeed. The collected filter washing
suspension is concentrated by centrifugation.
1.3.6.1.3 Calcium Carbonate Flocculation
This method for the concentration of Cryptosporidium oocysts from water, based
upon the precipitation of calcium carbonate has been developed by Vesey et al.
(1993). Water sample is treated by adding solutions of calcium chloride and sodium
bicarbonate followed by adjustment of pH to 10.0 by the addition of sodium
hydroxide. The sediment material is allowed to settle, the supernatant fluid is
discarded and the calcium carbonate precipitate dissolved in sulphamic acid.
1.3.6.2 Separation
Following collection of the basic particle assemblage different procedures have been
used to selectively concentrate Cryptosporidium and Giardia. These have included
density gradient centrifugation (“flotation”) and currently, immunomagnetic
separations (IMS).
1.3.6.2.1 Flotation
Flotation is a method for the separation of cysts and oocysts from lighter and heavier
debris, including algae, inorganics and other larger particles by layering the
concentrate on a gradient of 40 percent potassium citrate or of Percoll, sp.gr. 1.09 to
1.05 by centrifugation. The particle fraction containing cysts and oocysts is harvested
from the gradient interface.

41

Chapter 1: Introduction

1.3.6.2.2 Immunomagnetic Separation
In this procedure an aliquot of Cryptosporidium and Giardia antibody conjugated
magnetic beads is added to the particle suspension and mixed, then allowed to settle
against a strong magnet that attracts magnetic particles with cysts and oocysts
attached. While against the magnets, the water is decanted. Removing the magnets,
the beads are rinsed with minimal volume and transferred to a 1.5 mL microfuge
tube. Cysts and oocysts are released from the antibody-beads by acidification. Beads
are then separated magnetically leaving a suspension containing virtually only cysts
and oocysts. After neutralisation, the remaining particles are transferred to 5mm spot
microscope slides, IFA stained and mounted under a cover slip for microscopic
examination and enumeration of target organisms.
1.3.6.3 Detection
Approaches to finding and identifying (detecting) Cryptosporidium oocysts and
Giardia cysts among the final separated particles have included immune
fluorescence microscopy (IFA), flow cytometry, and molecular methods.
1.3.6.3.1 Immunofluroscence Microscopy (IFA)
Oocysts or cysts are detected on the microscope slides by Immunofluroscence
Microscopy (IFA), after monoclonal antibody stained and mounted under a cover
slip for enumeration of target organisms.
1.3.6.3.2 Flow Cytometry
This technique is used for the routine examination of environmental water samples
for the presence of Cryptosporidium oocysts and Giardia cysts. It is applied to
analyse water samples and to separate oocysts and/or cysts from the background
debris by cell sorting. The sorted particles are then collected on the microscope and
viewed

under

the

epifluorescence

microscope

to

Cryptosporidium oocysts and Giardia cysts in water samples.
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1.3.6.3.3 Molecular methods
Molecular methods provide effective tools for detection or characterization of
Cryptosporidium and Giardia in environmental water samples and also for the
evaluation and management of Cryptosporidium and Giardia contamination.
1.3.6.3.3.1 Polymerase Chain Reaction (PCR)
The PCR have been successfully applied for detecting and genotyping the
Cryptosporidium and Giardia dependent on primers directed to variable regions of
the genome. It is capable of discriminating between viable and non viable (oo) cysts.
PCR is limited by the quantity and quality of DNA preparations, and its reaction is
often affected by the presence of DNA polymerase inhibitors in faecal and water
samples.
1.3.6.3.3.2 Loop-mediated isothermal amplification (LAMP)
A significant addition to biological monitoring was the development of loop
mediated isothermal amplification (LAMP) by Notomi et al (2002). This procedure
has opened new avenues for molecular-based monitoring of pathogens in
environmental media (Karanis and Ongerth 2009). The method is highly sensitive
owing to its use of double primers, is unaffected by extraneous DNA, and is not
troubled by inhibitors commonly plaguing PCR monitoring of organisms in water.
The method has been applied to detection of both Cryptosporidium (Karanis et al.
2007; Bakheit et al. 2008) and Giardia in water and wastewater samples (Plutzer and
Karanis 2009).
1.3.7

Methods for recovering and detecting protozoan parasites in environmental
water samples

Methods for recovering Cryptosporidium oocysts and Giardia cysts from water were
developed initially in conjunction with Cases of laboratory-confirmed giardiasis that
were reported in the city of the Rome, New York in the end of the 1974 and into
1975 (Shaw et al. 1977). These methods for detecting and quantifying parasites, such
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as Cryptosporidium oocysts in the environment were developed initially for Giardia
cysts and later were applied with modifications to Cryptosporidium oocysts (Ongerth
and Stibbs 1987; Rose 1988; Ongerth and Stibbs. 1989; Ongerth 1994; Nieminski et
al. 1995).
One of the problems of initial applications of these methods was that the difficulty
associated with low concentration of Cryptosporidium oocysts and Giardia cysts in
environmental samples (Ongerth 1989; Ongerth and Stibbs. 1989). Finding those
organisms dictated the collection of suspended particles from a large volume of
water and techniques for selectively concentrating target organisms to enable
measuring low parasite concentrations, i.e. < 1 cyst or oocysts per 10 L sample of
water having turbidity < 5 NTU. As result of this, a sample processing method was
based on a concentration and procedure for separating particles to preferentially
according to the size and density of Giardia cysts (Ongerth 1994).
During the second half of the 1980s, methods for initial sample collection and
particle recovery were reported using a 142 mm Nuclepore membranes, 5 μm pore
size for Giardia cysts, a tangential-flow multiple-filter system, and MiniCapsule
filter (Gelman 12123), (Hausler et al. 1984; Wallis and J.M. Buchanan-Mapin 1985;
Isaac-Renton et al. 1986), respectively. None of these methods was applied widely
after that time, and their use is not mentioned subsequently anywhere in the
literature, beyond the initial descriptions.
Firstly, two methods were used for recovering and detecting Cryptosporidium
oocysts and Giardia cysts in water. The methods were the cartridge filter method
(Musial et al. 1987) and membrane filter method that was applied principally by
(Ongerth and Stibbs 1987). In both methods, waterborne organisms were
distinguished from other particles by immunofluorescent assay (Riggs 1984; Ongerth
and Stibbs 1986; Rose et al. 1989; Quintero-Betancourt et al. 2002). An candidate
object was positively identified as a cyst or oocyst based on its shape and size, the
fluorescence of its walls, and its refraction with bright light. Further confirmation
was provided for cysts by interior staining with EB (Ongerth 1994).
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In 1991, the American Society for Testing and Materials (ASTM) method, often
referred to as the EPA (Environmental Protection Agency) or the yarn-wound
method proposed test method for Cryptosporidium oocysts and Giardia cysts in lowturbidity water by a fluorescent antibody procedure (American Society for Testing
and Materials 1991; Nieminski et al. 1995). In the late 1990s, the information
collection rule (ICR) method recommended by the EPA for Detecting Giardia Cysts
and Cryptosporidium Oocysts in drinking water in the United States by a Fluorescent
Antibody Procedure (U.S. Environmental Protection Agency 1996; McCuin and
Clancy 2003). After that, the UK Standing Committee of Analysts (UKSCA) of the
Department of the Environment was developed an approach similar to the ICR
method and recommended for the detection of waterborne protozoan parasites
(Anonymous 1990; Quintero-Betancourt et al. 2002; Smith et al. 2002; McCuin and
Clancy 2003). Key features of the American Society for Testing and Materials
(ASTM) and the United Kingdom Standing Committee of Analysis (UKSCA)
included: use of cartridge filter and particles eluted for particle collection and
recovery; use of a Percoll-sucrose step for selective separation of cysts and oocysts
from lighter and heavier debris, and cysts and oocysts detected and identified by IFA
staining.
In the mid-1990s a new method had been recommended by Nieminski et al. (1995)
for detecting Giardia cysts and Cryptosporidium oocysts in water. The recommended
method was a hybrid method that combined the most efficient steps from both the
ASTM and membrane filter method that applied principally by (Ongerth and Stibbs
1987). Alternative new standard procedures which have enabled laboratories to
improve the recovery efficiency of Cryptosporidium oocysts in water, U.S. EPA
method 1622 (U.S. Environmental Protection Agency 1998; McCuin and Clancy
2003) and method 1623 for Simultaneous detection of Cryptosporidium and Giardia
in water (U.S. Environmental Protection Agency 1999; McCuin and Clancy 2003) by
filtration, immunomagnetic separation (IMS), and fluorescent-antibody (FA) staining
(U.S. Environmental Protection Agency 1998; U.S. Environmental Protection
Agency 1999; McCuin and Clancy 2003).
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Both methods were developed by the United States Environmental Protection
Agency (USEPA) for the same waterborne protozoan parasites monitoring and
analysis. Three key features of these methods include: Concentration, purification,
and detection. These methods have been approved for routine monitoring of Giardia
cysts and Cryptosporidium oocysts in water and improve method performance to
facilitate finding low numbers of both protozoan parasites in water samples.
1.3.8

Conventional detection methods

The most widely accepted means of finding Cryptosporidium oocysts in water is the
method of the American Society for Testing and Materials (ASTM) subsequently
adopted by the USEPA as Method 1622/1623 or the yarn-wound method (Rose et al.
1986; Colburn 1989; Vesey and Slade. 1991) and the alternate Method (Hansen and
Ongerth 1991; Nieminski et al. 1995) uses a cartridge filter or a membrane filter and
immunofluorescence assay (IFA) staining followed by organism identification by
microscopy. The above studies show that the method has characteristically poor
recovery, conflicting results, and poor accuracy within single laboratories studies,
and results have been found to be highly variable. These methods are laborious, timeconsuming, require high operator skill, and produce low recovery efficiency, are
typically not implemented to obtain accurate results for recovery, and cannot be used
to determine the genus, species, and genotype of the parasite in water. The
conventional methods for detecting both organisms in water are based on the
isolation and identification of the (oo) cysts by immunofluorescence microscopy
(Rose and K. Botzenhardt 1990; Wagner and P. Kimmig 1992). However, these
methods do not accurately indicate the viability or infectivity of the organisms.
Furthermore, these methods remain difficult and costly, and they often were unable
to detect Cryptosporidium oocysts and Giardia cysts from environmental samples.
Therefore, there is a need to develop suitable method for routine analysis of
environmental samples.
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1.3.9

Cryptosporidium oocysts and Giardia cysts recovery efficiencies

The most essential factor in evaluating these methods is the quantitative accuracy of
recovery Cryptosporidium oocysts and Giardia cysts from water. Recovery
efficiency has been found to be highly variable for both organisms from
environmental water samples with the multiple laboratories and in a single laboratory
studies (Clancy et al. 1994). The reasons are complex and not well-defined. In
method 1622/23, the determination effect of the environmental matrix on the
method’s recovery efficiency for the target organisms determined using matrix
spikes (Simmons et al. 2001; Kuhn and Oshima 2002). However, the matrix is not
the same as all samples analysed in the group from which the specific matrix spike is
taken. Accordingly, some inaccuracy is inherent. Also, where recovery efficiencies
have been measured for water from the same location regularly (weekly to monthly)
over several years significant variation has been observed (20% to 80%) (Figure 1,
Unpublished data, Sydney Water). Analysis of the variations has not been able to
link them to measured variations in water quality. This emphasises the importance of
measuring recovery efficiency specifically by seeding water from the location of
water being analysed.
Cryptosporidium oocysts recovery efficiencies reported for the American Society for
Testing and Materials (ASTM) yarn-wound method ranged from the 70 to 80%
(Rose et al. 1986; LeChevallier et al. 1991b; Nieminski et al. 1995) to ≥ 1% (Colburn
1989; Vesey and Slade. 1991; Nieminski et al. 1995). Furthermore, the recoveries
efficiency of Cryptosporidium oocysts has been ranged from 10 to 15% (Ongerth and
Stibbs 1987) to 25 to 35% (Hansen and Ongerth 1991) by membrane filter sampling
(Nieminski et al. 1995). Recovered oocysts are detected in the particulate matter by
the IFA. The estimated of Cryptosporidium oocysts recovery rates from water (20 L)
by the polycarbonate membrane-filtering method have ranged from 5% to 50.0%
(Ongerth and Stibbs 1987; Hansen and Ongerth 1991). The volume of water (20-25
l) is suitable for sampling and permits to transport and process the sample of water in
the laboratory (Graczyk et al. 1997). Francy et al. (2004) found that recoveries of
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oocysts (modified and viable) ranged from 2.9 to 56 % by using method 1622 or
1623. In two previous studies (Simmons et al. 2001; Kuhn and Oshima 2002), the
percent recoveries ranged from 2 to 63% and 9.3 to 87.7 %, respectively by using the
same method. Moreover, (Nieminski et al. 1995) found that Cryptosporidium parvum
oocysts recovery rates from 20 l of water seeded with oocysts has ranged from 9% to
50%. The reason for that is that the recovery efficiency of oocysts is decreased by
oocyst losses when the filter device with the entrapped oocysts was processed
(LeChevallier et al. 1995). However, the oocysts recovery has been increased up to
70.5% when the membrane-filter dissolution method was performed (Aldom and
Chagla. 1995). This is because dissolving of the whole cellulose-acetate membrane
(CAM) membrane-filter dissolution method permits direct enumeration of
membrane-entrapped oocysts (Graczyk et al. 1997). The mean recovery rates of
oocysts by the CAM were 77.7% (Graczyk et al. 1997) and 70.5% (Aldom and
Chagla. 1995). Moreover, (Graczyk et al. 1997) found that the recovery efficiency of
oocysts from water samples can be increased by addition of the eluting fluid. The
average rates of Cryptosporidium oocysts recovery efficiency reported without the
use of eluting fluid (EF) was 44.1% and 78.8% when EF was used.
Some studies have examined water quality properties and constituents to determine
their effect on recovery of target organisms by using method 1622 or 1623 (Simmons
et al. 2001; DiGiorgio et al. 2002; Kuhn and Oshima 2002) showed that turbidity was
related to recoveries of oocysts. It has also found that the efficiency of the IMS
method was reducing when the adjusted pH deviated from 7.0 (Kuhn et al. 2002).
Also, recovery efficiency using (IMS) has found to decrease with increasing in
turbidity (Bukhari et al. 1998). It was also reported that IMS kit did not sufficiently
maintain an optimum pH of 7.0 in some water samples. When the pH of water
samples was adjusted to optimum pH, recoveries of oocysts increased by 26.4%
compared to recoveries from samples where pH was not adjusted (Kuhn et al. 2002;
Francy et al. 2004). In addition, it has been reported that different IMS kits produced
different recovery efficiencies (Bukhari et al. 1998). An inverse relation was found
between high turbidity, suspended sediment and method recovery efficiency,
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resulting in reduced recovery for high values of these characteristics (>100 NTU or
>100 mg/litre, respectively) (Francy et al. 2004). Some studies have shown that
recoveries of oocysts from source waters ranged from 36 to 75%where; the lowest
recovery was in the sample with the highest turbidity (99 NTU), yet no consistent
relation between low to moderate turbidities and recovery was found (DiGiorgio et
al. 2002). It has been found that some decreases in recovery efficiency was found
when turbidity was greater than 40 NTU, no relation between oocyst recoveries and
low or moderate turbidities was observed (Kuhn and Oshima 2002; Francy et al.
2004). However, in the Information Collection Rule Supplemental Survey (ICRSS),
all of these water quality properties, including turbidity, were found to be unrelated
or weakly related to recoveries of oocysts (US EPA method 1623 2001). In other
study, initial water pH, specific conductance, dissolved iron, dissolved silica, and
alkalinity did not affect recoveries of oocysts (Francy et al. 2004). Overall, the lack
of finding consistent relationships between water quality parameters and recovery
when examining data aggregated from widely disparate sites emphasises the
importance of measuring recovery in the specific water being analysed in order to
permit accurate measurement of organism concentration.
The recovery efficiency of the IFA procedure is relatively low, especially for
Cryptosporidium oocysts. It has been reported an average method efficiency of
68.6% and 25.3% for Giardia cysts and Cryptosporidium oocysts, respectively in
seeded tap water (LeChevallier et al. 1991a; LeChevallier et al. 1995) Other study of
12 commercial laboratories which was seeded samples showed an average of
recovery of 9% and 3% for Giardia cysts and Cryptosporidium oocysts, respectively
(Clancy et al. 1994; LeChevallier et al. 1995). In same study, although the samples
contained 99 cysts and 80 oocysts, 36% and 55% unsuccessful to detect Giardia
cysts and Cryptosporidium oocysts, respectively. The determination of recovery for
fresh and aged organisms in various Percoll-sucrose gradients has been carried out
by some studies. These studies showed that the recovery efficiency of the aged
preparation was greater than that of fresh organisms. The reason offered for this
observation is that empty oocysts are preferentially concentrated by the gradients.
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This result may describe that why nearly all of both organisms detected in
environmental samples are empty, specifically when gradient concentration is an
integral part of analysis (Clancy et al. 1994).
1.3.10 Problems with the techniques for recovering Cryptosporidium oocysts and
Giardia cysts from water
The lack of recovery efficiencies associated with methods such as cartridge filtration
(Musial et al. 1987; American Society for Testing and Materials 1991; U.S.
Environmental Protection Agency 1996) and membrane filtration (Ongerth and
Stibbs 1987), the United Kingdom Standing Committee of Analysis (SCA)
(Anonymous 1990), and Information Collection Rule (U.S. Environmental Protection
Agency 1996), all of which was based on a flotation as a processing step for selective
separation of Cryptosporidium oocysts and Giardia cysts from lighter and heavier
debris. Some studies propose that the concentration step required improvement to
improve their recovery efficiencies (Bukhari and Smith 1995; Fricker 1995; McCuin
and Clancy 2003).
Alternative new standard procedures which have enable laboratories to improve the
recovery efficiency of Cryptosporidium oocysts in water, U.S. EPA method 1622
(U.S. Environmental Protection Agency 1998; McCuin and Clancy 2003) and
method 1623 for Simultaneous detection of Cryptosporidium and Giardia in water
(U.S. Environmental Protection Agency 1999; McCuin and Clancy 2003) by
filtration, IMS, and fluorescent-antibody (FA) staining (U.S. Environmental
Protection Agency 1998; U.S. Environmental Protection Agency 1999; McCuin and
Clancy 2003).
Both methods were developed by the United States Environmental Protection
Agency (USEPA) for the same waterborne protozoan parasites monitoring and
analysis in water, after the waterborne outbreaks of cryptosporidiosis that happened
during the decade of the 1990's.
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Several studies reported that the IMS, the selective concentration procedure in
Method 1623, had much higher recovery efficiency for both Giardia and
Cryptosporidium from environmental water matrices than the density gradient
flotation techniques (Rochelle et al. 1999; Hsu and Huang 2000; McCuin et al. 2001;
McCuin and Clancy 2003). Prior to 1998, the ICR was the only EPA approved
method for detection and quantification of protozoan cysts and oocysts in source and
drinking water; however, this method was found to underestimate the levels and
occurrence of Giardia and Cryptosporidium (Dufour et al. 1999). A significant
number of laboratories found false positives and false negatives during testing. The
ICR method was criticized for being costly, complex, and difficult to perform;
yielding highly variable results; and demonstrating differential response in a variety
of water matrices (Dufour et al. 1999). Further, a comparison of method performance
at sixteen laboratories resulted in low recovery efficiencies, high false-positivity and
false-negativity rates, and poor precision and accuracy (Clancy et al. 1994). A highly
sensitive and specific method able to detect small number of Giardia cysts and
Cryptosporidium oocysts in different water sources is needed.
In summary, problems of efficiency, sensitivity and speed are associated with widely
accepted procedures to test water and to determine the contamination levels of
Giardia cysts and Cryptosporidium oocysts. In different water sources recoveries are
low and variable and they are subject to false-positive and negative results. Most
widely accepted methods developed and evaluated until now for detection of Giardia
and Cryptosporidium in water samples are, based on the IFA, which is timeconsuming, laborious, expensive, and it requires analytical expertise to yield accurate
results (LeChevallier et al. 1995; LeChevallier et al. 2003). The antibodies used may
cross-react with non target organisms such as algae in environmental samples
(Rodgers et al. 1995; Mayer and Palmer 1996). Although The U.S. Environmental
Protection Agency (USEPA) has developed the IMS-IFA based Method 1622/1623,
it is still incapable of assessing infectivity and viability of both organisms. Further,
the methods are based on the microscopy which must rely on the judgement of the
individual technician (LeChevallier et al. 2003). The majority problems associated
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with Giardia and Cryptosporidium detection in different water sources are the lack
of an efficient, reliable methodologies and studies which show the levels of the
presence of Giardia cysts and Cryptosporidium oocysts in different water sources
(Mayer and Palmer 1996).
1.3.11 Molecular Biology Applications
Since the early 1990’s molecular biology tools have been applied to Cryptosporidium
and Giardia analytical applications, principally typing and detection. Earliest efforts
used the polymerase chain reaction (PCR) with species. Level primers for detection
in particle assemblages verified in various ways from environmental samples. As
genetic detail as developed for Cryptosporidium and Giardia variability in selected
gene regions was found and exploited for source differentiation.
Recently, a number of studies showed that C. parvum genotypes from human and
bovine sources and C. andersoni were widespread in surface and stream water
samples using PCR-RFLP, respectively (Xiao et al. 2000; Xiao et al. 2001). In
additional, (Ward et al. 2003) demonstrated with PCR-Direct sequencing that C.
parvum genotypes from human and bovine origins, C. muris and C. bailey were
dominated in surface and waste waters. Molecular methods provide effective tools
for detection or characterization of Cryptosporidium and Giardia in environmental
water samples and also for the evaluation and management of Cryptosporidium
contamination. Several studies describe direct detection of Cryptosporidium by PCR
(Wallis et al. 1996), nested PCR (Monis and Saint 2001), immunomagnetic
separation PCR (Hallier-Soulier and Guillot 2000; Rimihanen-Finne et al. 2001;
Sturbaum et al. 2002) and semi-nested PCR (Hashimotoa et al. 2006). In 2000,
Notomi reported on development of a nucleic acid amplification procedure
conducted at a single temperature and using two sets of primers floating the target
region. The procedure was called Loop-Mediated isothermal Amplification (LAMP).
The procedure was described as having major advantages over conventional PCR:
not requiring a thermocycler; highly specific to the target sequence; virtually free of
interferences common to PCR applied to environmental samples; using stable
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reagents (Karanis and Ongerth 2009). Moreover, molecular characterization of
Cryptosporidium in environmental water samples of varying water quality, for
instance surface waters using PCR restriction fragment length polymorphism
(RFLP), PCR and PCR-Direct sequencing, respectively (Xiao et al. 2001; Sturbaum
et al. 2002; Ward et al. 2003), untreated and completed water using PCR restriction
fragment length polymorphism (Nichols et al. 2003), stream water using PCR
restriction fragment length polymorphism (Xiao et al. 2000), river water using
random amplified polymorphic DNA (RAPD) PCR and PCR restriction fragment
length polymorphism, in that order (Shianna et al. 1998; Tsushima et al. 2003) and
sewage using PCR restriction fragment length polymorphism, PCR-Direct
sequencing and semi-nested PCR and direct sequencing, correspondingly (Xiao et al.
2001; Ward et al. 2003; Hashimotoa et al. 2006), has been achieved using these
techniques. Using the 18S rRNA-based PCR-RFLP; PCR-Direct sequencing and
semi-nested PCR have been successfully applied to genotyping of Cryptosporidium
from environmental water samples (Hashimotoa et al. 2006). Sensitivity of nested
PCR method was evaluated using single C. parvum Iowa strain oocysts from purified
stock. The result of this study shows that the sensitivity of single oocyst nested PCR
was a low and not well suited for purified Cryptosporidium oocysts and
environmental sample (Sturbaum et al. 2001). (Hashimotoa et al. 2006) described a
semi-nested PCR and direct sequencing that used single Cryptosporidium oocysts
from sewage for genotyping them using 18S rRNA gene. They found that the
procedure was achieved using individual Cryptosporidium from sewage. As
described above the effective molecular methods that maximize DNA extraction and
minimize the PCR inhibitors in samples which are often affected the PCR reactions
are required (Karanis and Ongerth 2008).
Currently, some studies describe detection of Cryptosporidium oocysts by LAMP
method in environmental samples (Karanis et al. 2007; Bakheit et al. 2008). Thus,
the development of a highly specific and sensitive system for the detection of
Cryptosporidium oocyst and Giardia cyst is needed. More recently, LAMP assays
for Cryptosporidium and for Giardia to speciate individual Cryptosporidium oocysts
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and Giardia cysts have been applied and evaluated to detect both organisms in
environmental samples (Karanis et al. 2007; Bakheit et al. 2008; Plutzer and Karanis
2009). It proffers great potential as a rapid low-cost molecular method for the
detection of water-borne and food-borne parasites after DNA extraction even at low
parasite concentrations (Plutzer and Karanis 2009).
In recent years, various PCR amplifications of oocysts DNA have been developed for
detecting and genotyping the Cryptosporidium. These depend on primers directed to
variable regions of the genome. Examples include the 18 small subunit ribosomal
RNA (18S) gene (Nichols et al. 2003); the Cryptosporidium 60-KDa glycoprotein
(Abe et al. 2006) the Cryptosporidium oocysts wall protein (COWP) (Amar et al.
2004) and the Cryptosporidium heat shock protein (HSP)-70 (Morgan et al. 2000).
Each has been used as target regions for PCR amplification. Simple detection
depends on verified amplified product. Species differentiation is accomplished by
sequencing of the amplified product. Moreover, as reported previously, PCR-RFLP
is more specific than microscopy. The microscopy cannot discriminate between
viable and non viable (oo) cysts. PCR-RFLP is limited by the quantity and quality of
DNA preparations, and its reaction is often affected by the presence of DNA
polymerase inhibitors in faecal and water samples. Effective molecular methods that
maximize DNA extraction and minimize the PCR inhibitors in samples which are
often affected the PCR reactions are required (Karanis and Ongerth 2008). Thus, the
development of a highly specific and sensitive system for the detection of both
organisms is needed.
An alternative procedure for amplification of nucleic acids (DNA and RNA) termed
LAMP has recently been developed (Notomi et al. 2000). More recently, the
procedure has been applied to detect Cryptosporidium oocysts in environmental
samples (Karanis et al. 2007). The procedure proffers great potential as a rapid lowcost molecular method for infectious diseases (Mori and Notomi 2009). Recently,
LAMP has been shown to have the advantages of high degrees of specificity,
sensitivity, efficiency, and rapidity under isothermal conditions requiring only simple
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incubators and simple methods for detection of Cryptosporidium oocysts (Karanis et
al. 2007; Bakheit et al. 2008), and Giardia species (Plutzer and Karanis 2009).
The technology is based on auto cycling strand displacement DNA synthesis
facilitated by a Bst DNA polymerase compared to standard PCR, LAMP has
advantages of reaction simplicity, efficiency, specificity, detection sensitivity and
rapidity under isothermal condition (Grab et al. 2005; Karanis et al. 2007).
Furthermore, because the LAMP reaction is performed at 63 to 65°C, for about 1
hour in a simple incubator such as a water bath or a block heater is sufficient for the
DNA amplification. Reports indicate that detectable levels of the LAMP-amplified
product, je. 10 to 20 µg of target DNA can be generated within 30 to 60 minutes
(Kuboki et al. 2003). Molecular methodologies have been found to provide helpful
tools for detecting Giardia cysts, Cryptosporidium oocysts and other pathogens in
environmental samples (Palmer et al. 1995; Karanis et al. 2007).
The first demonstration of LAMP applied to detection of Cryptosporidium based on
the amplification of C. parvum gp60 gene was developed and assessed by (Karanis et
al. 2007). Also recently, LAMP primers for the (SAM-1) gene have been established
and evaluated for simultaneous detection of three Cryptosporidium species, C.
parvum, C. meleagridis and C. Hominis (Bakheit et al. 2008). The same authors
found that the gp60 LAMP assay would amplify only C. parvum DNA (genotype II)
60-KDa glycoprotein (gp60) gene, while the SAM- LAMP to amplifies the SAM
gene of C. parvum, C. meleagridis and C. hominis. An HSP-LAMP to amplify the
heat shock protein (HSP)-70 of C. andersoni was applied to detect Cryptosporidium
species DNA that was extracted from faecal samples and the control DNA of C.
andersoni (Bakheit et al. 2008). The HSP-70 Lamp will also recognize C. parvum, C.
hominis and C. meleagridis control DNA samples (Bakheit et al. 2008) that were
used to evaluate the HSP-LAMP assay. In application to analysis of faecal samples
only C. andersoni was found. The detection of C. parvum by gp60 LAMP assay was
highly specific and sensitive (Karanis et al. 2007). (Bakheit et al. 2008) also show
that the SAM-1 gene LAMP was highly specific and sensitive for C. parvum, C.
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hominis and c. meleagridis in faecal samples. Briefly, the HSP-LAMP assay has
been developed to detect infections of three species; C. andersoni, C. muris and C.
serpentis, the SAM-1 LAMP assay has been developed to detect infections with C.
parvum, C. hominis and C. meleagridis (Bakheit et al. 2008) and the gp60 LAMP
assay has been developed to detect infections with C. parvum (Karanis et al. 2007).
Furthermore, LAMP assays to amplify the G. duodenalis Assemblage A and B EF1 α
gene were have been developed and evaluated in recent study for rapid identification
of Giardia duodenalis by LAMP (Plutzer and Karanis 2009).
The LAMP procedure is a useful diagnostic tool for detection of Cryptosporidium in
environmental samples because of its specificity and simplicity. The LAMP
procedures have been found to be a useful diagnostic tool for detection of
Trypanosoma evansi in experimentally infected pigs (Thekisoe et al. 2005) and for
detection of African trypanosomes (Kuboki et al. 2003). Also, LAMP has been
adapted for diagnoses of other protozoan diseases, such as Equine piroplasmosis
(Alhassan et al. 2007) and Babesia gibsoni parasites in Japan (Ikadai et al. 2004).
One of the main problems that affect the PCR results is the presence of DNA
polymerase inhibitors in water samples which can play an important role in
producing false negative PCR results (Karanis et al. 2006). However, these DNA
polymerase inhibitors have no effect on LAMP process (Grab et al. 2005). The
presence of DNA polymerase inhibitors in water could explain why the use of
LAMP has permitted amplifying Cryptosporidium DNA from water samples that
have previously been reported to be positive for Cryptosporidium presence by an
immunofluorescence test (Karanis et al. 2006; Karanis et al. 2007), while PCR did
not detect DNA in any of them (Karanis et al. 2007). Also the same authors show
that the sensitivity of this LAMP procedure amplified Cryptosporidium parvum
oocyst DNA diluted to a minimum concentration equivalent to that of a single
oocyst. In contrast, PCR amplified the same DNA only to a minimum concentration
equivalent to that of 105 oocysts. Quality control samples have been performed to
ensure no amplification from the reaction mixture alone by using the double-distilled
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water samples (non-DNA-containing) as a negative control for all sensitivity test
reactions (Karanis et al. 2007). Currently, molecular methods have been provided
information on the Cryptosporidium species, genotypes and specific hosts that plays
crucial role in determining the distributions of human infective Cryptosporidium and
Giardia or sources of contamination. This cannot be achieved by Conventional IFA
that can only detect Cryptosporidium-like particles that have bound a
Cryptosporidium spp. specific antibody against an antigen on the oocyst wall
(Hashimotoa et al. 2006).
1. 4 Data interpretation
Data consisting of results of analysing water samples to enumerate Cryptosporidium
oocysts and Giardia cysts are subject to interpretation as mentioned above. Treating
the data on a presence absence basis and without rigorous quantification precludes
important uses of the data. Lack of quantitation precludes or introduces
unquantifiable uncertainty into quantitative risk assessment. Lack of quantitative data
makes catchment management planning difficult. Trends in organism concentration
over annual cycles or longer periods are obscure. This virtually precludes
identification of critical conditions that may warrant special catchment management
or treatment system management attention. Accordingly, special attention will be
devoted in this project to quantifying the measurement of oocyst and cyst
concentrations and expressing the resulting data as true concentration in terms of
organisms per litre.
In order to measure true concentration special attention will be given to measurement
of organism recovery efficiency for water samples collected from individual
locations at each sampling time. The importance of this practice is based on the
variability observed in recovery efficiency described above, Figure 1. Special
attention will also be given to examining the statistical basis for interpreting data
based on samples of volumes likely to contain low numbers of organisms. The
general principle held for designing the sampling, analysis, data analysis in this
project will be that recovery efficiency of any method used is directly proportional to
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the volume analysed. And, the concentration measured through processing and
analysis of a single large volume sample (e.g. 50 L) is identical to the concentration
determined by analysing the single large volume (e.g. 50 L) in smaller volume
replicates (e.g. 5 x 10 L), adding the total organisms found, and dividing by the
product of the total volume and the recovery efficiency expressed as a fraction.
Since recovery efficiency found to be highly variable with both organisms from
original water depending on sampling method, the oocyst and cyst concentrations in
water is variable. Low concentrations of oocyst and cyst require a large volume of
sample to find them. Recovery efficiency of the original water and sample volume
can be used to calculate the oocyst and cyst concentrations in the original water so
that the level of a contaminant of both organisms and their risk in the original water
can be determined. Further, Data published for Cryptosporidium and Giardia in the
literature in the majority of cases include only numbers found without taking
recovery efficiency into account. Since the purpose of positive and negative controls
was for quality control and to enable quantifying recovery efficiency and therefore
organism concentration for each sampling location and date. This provided assurance
of the accuracy of recovery measurements, and ensured that no oocysts and cysts
were carried over between samples, the reagents, the equipment or from positive
control into samples, respectively. Recovery efficiencies of methods used in
published reports (noting that methods have evolved significantly as have method
recoveries) have ranged from a few percent to as much as 70 to 80% (unpublished
data), e.g. Figure 1.
the reported data on the statistical distribution of organisms found in comparison to
the theoretical Poisson model have shown that the direct cause of the observations of
negative (zero) findings from application of current monitoring of 10 L surface water
sources of public water supply samples using USEPA Method 1623 analysis is that
the limit of detection, dependent only on the sample volume and recovery efficiency
of the analysis in the specific water, is above the ambient concentration.
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The loop-mediated isothermal amplification (LAMP) is highly sensitive owing to its
use of double primers, is unaffected by extraneous DNA, and is not troubled by
inhibitors commonly plaguing PCR monitoring of organisms in water and
wastewater samples.
1. 5 Approach
The approach used in this project included two major components: 1. Theoretical and
laboratory assessment of issues and field sampling with fully quantitative
measurement of Cryptosporidium and Giardia concentrations in a range of water
sources; and 2. Exploration of the potential utility of LAMP for application to the
same objective, fully quantitative measurement of Cryptosporidium and Giardia in
water.
1.5.1

The first major component was a sequence of theoretical and experimental
activities designed to establish whether Cryptosporidium oocysts and Giardia
cysts at low concentration in water are present intermittently or continuously.
The sequence of activities designed to answer this question included the
following elements:

1.5.1.1 Develop local sources of Cryptosporidium oocysts and Giardia cysts in
naturally infected domestic animals, collect and isolate organisms for
experimental use as needed;
1.5.1.2 Demonstration of ability to count, manipulate, and recover low numbers of
oocysts and cysts, in the range of 1 to 100;
1.5.1.3 Examine and test the theoretical description of discrete non-multiplying
organisms in water at concentrations at or near the limit of detection;
1.5.1.4 Determine the performance of Cryptosporidium and Giardia analysis by the
locally accepted standard method, similar to USEPA Method 1623,
consisting of 2 um pore dia. 293 mm dia flat polycarbonate membrane
filtration, followed by IMS and IFA microscopy as used in Method 1623;
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Apply negative and positive controls to demonstrate lack of contamination
and provide for relevant recovery efficiency measurement;
1.5.1.5 Select sampling sites on local streams from catchments analogous/relevant
to local public water supplies. Select streams for: 1) a range of flowrates; 2)
a range of catchment activities; 3) select 3 or more sampling sites on each
stream from upstream to downstream to reflect: a) increasing catchment
area and variety of uses including only undeveloped forest and agricultural
land including pasturage of cattle, sheep, and horses;
1.5.1.6 Collect water samples from each sampling site over representative seasonal
periods;
1.5.1.7 Collect samples as single large volumes, i.e. 60 L, but analyse samples in
replicate 10 L aliquots
1.5.1.8 Measure recovery efficiency for each sample batch consisting of 5 x 10 L
aliquots collected as a single volume plus a seeded control using the 6th 10 L
aliquot of the large sample, with negative controls.
1.5.1.9 Calculate oocyst and cyst concentrations using the actual sample volumes
and measured recovery efficiency.
1.5.1.10 Examine the statistical distribution of organism concentrations by sampling
site using both: 1) the 10 L sample results; and 2) using the 50 L sample
aggregates;
1.5.1.11 Determine if the data support interpretation of organism concentrations as a)
intermittent; or b) continuous
1.5.2

The second major component was an exploratory sequence designed to
determine the potential for using LAMP to quantify Cryptosporidium oocyst
and Giardia cyst concentrations in crude particle pellets isolated from surface
water. This component of the project was organised in two phases: a) an
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initial qualitative phase designed to establish ability to apply the selected
LAMP procedures to Cryptosporidium and Giardia and to determine its
general characteristics; and b) a final quantitative phase to explore ability to
apply the Cryptosporidium and Giardia LAMPs quantitatively under
conditions taking advantage of minimal sample processing. The qualitative
sequence included the following elements applied using qualitative EBstained gel endpoints:
1.5.2.1 Establish ability to amplify Cryptosporidium DNA by LAMP using the
SAM-1 gene primers of (Karanis et al. 2007), and to amplify Giardia DNA
by LAMP using the EF1-α gene primers of (Plutzer and Karanis 2009).
1.5.2.2 Determine the sensitivity of the LAMP amplifications for Cryptosporidium
and Giardia DNA, by dilution, in comparison to that reported previously;
1.5.2.3 Determine the sensitivity of LAMP for detection of Cryptosporidium and
Giardia DNA released (but not concentrated) by freeze-thaw cycles, using
a) large numbers e.g. >1000; and b) small numbers, e.g. 1 to 100.
1.5.2.4 Determine the selectivity, previously demonstrated by others for
Cryptosporidium and for Giardia (Karanis et al. 2007; Bakheit et al. 2008;
Plutzer and Karanis 2009) by amplifying supernatant from a surface stream
particle assemblage subjected to freeze-thaw cycles both without and with
Cryptosporidium oocysts and Giardia cysts added;
1.5.2.5 Determine the quantitative capabilities of LAMP by repeating the sequence
(Sections 1.5.2.1 to 1.5.2.4 above) using Real Time, quantitative PCR with
a fluorescence endpoint using SYTO13 and absolute endpoint determination
using a Roche LightCycler 450 for temperature control.
1.5.3

The quantitative sequence followed the same sequence of steps (Sections
1.5.2.1 to 1.5.2.4) above using real-time quantitative PCR with a machinedetermined fluorescence endpoint using SYTO13 and absolute endpoint
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determination provided by a Roche Lightcycler 480. The quantitative
sequence included:
1.5.3.1 Confirm amplification of Cryptosporidium DNA by LAMP using the SAM1 gene primers and of Giardia DNA using the EF-α gene primers with
fluorescence detection in the LightCycler 480 format;
1.5.3.2 Determine the sensitivity of the LAMP amplification for Cryptosporidium
and Giardia DNA, by dilution, with fluorescence detection in the
LightCycler 480 format;
1.5.3.3 Determine the sensitivity of LAMP for detection of Cryptosporidium and
Giardia DNA released (but not concentrated) by freeze-thaw cycles, using
a) large numbers e.g. >1000; and b) small numbers, e.g. 1 to 100, with
fluorescence detection in the LightCycler 480 format;
1.5.3.4 Determine the selectivity, previously demonstrated by others for
Cryptosporidium and Giardia by amplifying supernatant from a surface
stream particle assemblage subjected to freeze-thaw cycles both without and
with Cryptosporidium oocysts and Giardia cysts added, with fluorescence
detection in the LightCycler 480 format
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Chapter 2
2 METHODS, MATERIALS AND TECHNIQUES
2. 1 Methods and materials of preliminary experiments
A sequence of theoretical and experimental activities designed to answer the
following question: Are Cryptosporidium oocysts and Giardia cysts at low
concentration present in surface water continuously or intermittently? Included the
following:
2.1.1

Organism source

2.1.1.1 Collect and isolate Cryptosporidium oocysts and Giardia cysts from
naturally infected domestic animals—Dairy Calves
Cryptosporidium oocysts and Giardia cysts were isolated from fresh dairy calf faeces
(Leppington Pastoral Company, Bringelly NSW). Fresh faeces were collected in the
morning from female Holstein-Frisian calves ranging in age from 5 to 25 days. At a
typical sampling the dairy had 40-60 calves up to the age of 30 days and on a typical
sampling day from 15 to 30 samples were collected and processed. Samples of from
30-50 g were collected in sterile specimen containers, iced and returned to the
laboratory for screening and processing in the early afternoon. Direct smears were
prepared and IFA stained for both Cryptosporidium and Giardia, then examined
under uv illumination. Slides were graded 1+ to 4+ as previously described (Ongerth
and Stibbs. 1989) for Giardia and Cryptosporidium.
2.1.1.2 Waterborne INC Laboratory
Cryptosporidium parvum oocysts, calf (lowa isolate) and Giardia lamblia cysts
(isolate, gerbil source) used in this study were obtained from the Waterborne Inc.,
New Orleans, LA. The organisms were stored in 5% Formalin at a concentration of 1
× 107 (oo) cysts/10 mL or 1 × 106 (oo) cysts/mL.
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2.1.2

The ability to count, manipulate, and recover low numbers of oocysts and
cysts

Accurate and verifiable counting of oocysts and cysts was an essential part of this
project. Three counting procedures were used: 1) approximate concentrations of
stock suspensions containing >104 organisms/mL were determined by replicate
haemocytometer counts; 2) a drop counting procedure was used to establish the
concentration of working suspensions containing ca. 103 organisms/mL and for
counting and manipulation of from 1 to 20 or so organisms; and 3) direct transfer of
small volumes (1 to 25 uL) of working suspensions to 13 mm dia filter membranes
for counting following IFA staining was used to establish organism numbers used in
quality control procedures.
Cryptosporidium oocysts and Giardia cysts were obtained commercially,
Waterborne Inc., New Orleans LA. The approximate concentration in each
suspension was determined by haemocytometer (Bright-Line, Reichert, Buffalo,
NY). A working suspension of each organism was prepared by dilution based on
haemocytometer counts to have a concentration of ca. 1000 cysts or oocysts per mL.
A micropipette 0-20 µL (P20, Gilson, Middleton, WI) was calibrated by pipetting
droplets ranging from 1 to 10 µL on a top-weighing electronic balance (A200S,
Sartorius GMBH, Goettingen) (1 µL = 1 mg). Droplets of a volume corresponding to
the desired number of organisms (e.g. 5 µL for 5 cysts or oocysts) were deposited
near the edge of a clean glass microscope slide. Location of the droplets near the
edge of the slide facilitates rapid location of the droplet and focussing of the
microscope to minimise counting time. The exact number of organisms can then be
determined by counting at 250x for Giardia or 400x for Cryptosporidium using
bright field illumination (Nikon, Japan). If the organisms are to be transferred for
further processing the organisms can either be rinsed into the intended container
using a wash bottle or the entire slide can be placed into the container assuring
complete transfer.
Numbers of organisms transferred by pipetting as described above were checked by
replicated transfer of desired volumes (e.g. 5µL or 10 µL) to 13 mm dia. etched-pore
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polycarbonate filters (Sterlitech) in inline filter holders (Millipore), stained using
FITC-labelled monoclonal antibodies (Waterborne Inc., New Orleans), and
enumerated microscopically.
2.1.3

Examine and test the theoretical description of discrete non-multiplying
organisms in water at concentrations at or near the limit of detection

Cryptosporidium oocysts and Giardia cysts were obtained commercially,
Waterborne Inc., New Orleans LA. The concentration of oocysts and of cysts in the
stock suspensions was estimated by haemocytometer counts, then working
suspensions were prepared by dilution to have a concentration of approximately 103
per L each of oocysts and of cysts. Exact numbers of organisms were determined by
a drop counting procedure. Droplets from the stock suspensions of 5 µL containing
approximately 5 organisms were pipetted onto the edge of a microscope slide, then
counted using bright light microscopy using 250x magnification for Giardia cysts
and 400x magnification for Cryptosporidium oocysts. The counts, replicated from 5
to 10 times, established the exact concentration. A supporting concentration checking
procedure consisted of pipetting a precise volume, from 5 µL to 20 µL as desired,
directly onto a 13 mm dia. 2 µm pore dia. etched-pore polycarbonate filter membrane
(Sterlitech) in an inline filter holder (Millipore). Organisms on the filter were IFA
stained for Cryptosporidium and/or Giardia (Waterborne, Inc.) and counted using
epifluorescence microscopy as previously described (Hansen & Ongerth/Ongerth &
Hutton,).
Fifty liter volumes of particle free water (MilliQ, Millipore) were placed in a clean
60 L polyethylene container (Nalgene). Desired numbers of Cryptosporidium oocysts
and Giardia cysts at levels of approximately 10, 100, and 1000 were transferred from
working suspensions to the water by micropipette (P10, P100, P1000, Gilson,
Middleton, WI). Identical volumes of working suspension at each seeding level, in
triplicate, were transferred to 13 mm filters to define the numbers of organisms
added to the water. After mixing, equal 10 L volumes of the seeded water were
processed to determine the number of oocysts and cysts in each 10 L volume. First,
each 10 L aliquot was filtered through a 293 mm dia. 2 µm pore dia. etched-pore
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polycarbonate membrane (Sterlitech) and particles were recovered by sequential
rinsing and squeegeeing as previously described (Ongerth 1989; Ongerth &
Pecoraro, 1995). Rinse volumes recovered from the filters were centrifuged at 650 x
g for 20 minutes, then decanted, resuspended in minimal volume, and transferred
quantitatively with rinsing to 13 mm filters in inline filter holders for IFA staining
and enumeration as described above.
The statistical distribution of organism numbers found in the 10 L aliquots was
characterised using the Poisson distribution,
𝑃(𝑥𝑖 ) = 𝑒𝑥𝑝(−𝔲𝑖 𝑉𝑖 )

(𝔲𝑖 𝑉𝑖 )𝑥𝑖
𝑥𝑖 !

Eq. 1

Expressing the probability of finding exactly xi organisms in a sample volume Vi in
which the average organism is ui. Statistical analyses were performed using
XLSTAT (Addinsoft, Paris)
2. 2 The performance of Cryptosporidium and Giardia analysis
the performance of Cryptosporidium and Giardia analysis was carried out by the
locally accepted standard method, similar to USEPA Method 1623, consisting of 2
um pore dia. 293 mm dia flat polycarbonate membrane filtration, followed by IMS
and IFA microscopy as used in Method 1623; Apply negative and positive controls
to demonstrate lack of contamination and provide for relevant recovery efficiency
measurement.
2. 3 Water sample processing
The procedure consisted of membrane filtration as described previously by (Ongerth
and Stibbs 1987; Hansen and Ongerth 1991) followed by concentration of target
organisms from other particulates by IMS Then completed by IFA and microscopy,
the steps following filtration followed procedures specified by USEPA Method 1623.
An important part of the processing procedure was the overall organisation of the
sampling and processing sequence. The timing and number of water samples
collected was coordinated with lab processing and analysis to eliminate the need for
sample storage, to match analytical through-put to available technician time, and to
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assist in meeting QA/QC requirements (USEPA, 2005) and in making the process as
efficient as possible. For these reasons samples were prepared or collected to permit
processing in batches that could be completed by a single technician in a working
week, including all steps from collection through completion of microscopy.
A typical working week processing batch consisted of a total of about 10 sample
volumes. This included 2 x 10 L negative controls, 5 x 10 L samples, and three
seeded positive controls. Also included were triplicate stain/seed checks and
triplicate concentration checks. Organisation of the processing sequence is
summarised graphically in Figure 8.
2.3.1

Filtration and particle collection

Each 10 L sample and control volume was filtered using a 293 mm dia. 2 um pore
dia. polycarbonate membrane (Sterlitech) mounted in a stainless steel filter holder
(Millipore). Water was drawn through the filter under vacuum. After filtration, the
filter was removed from the holder and placed face-up on pane of glass that was
rested in an unused plastic collection pan. The filter was wetted from top to bottom
with filtered-Milli-Q water, using a wash bottle and squeegeed three times using a
clean rubber blade (windscreen wiper blade section super-glued to a disposable razor
body). The collected filter washing suspension was transferred to a 50 mL disposable
centrifuge tube then spun to pellet at 2500 rpm for 15 minutes. Supernatant was
aspirated to 5 mL over the pellet.
2.3.2

Particle concentration and organism isolation

The 5 mL particle concentrates were processed by IMS and IFA microscopy
according to published procedure, USEPA Method 1623

(U.S. Environmental

Protection Agency 2005). Giardia cyst and Cryptosporidium oocyst recoveries were
measured as follows: (a) the desired count of (oo) cyst numbers were seeded into 10
L of water and then the water drawn by vacuum through a 293 mm, 2 μm pore size
diameter polycarbonate membrane filter for Giardia cysts and Cryptosporidium
oocysts together at a vacuum of 250 to 300 mm Hg as described above. (b) The filter
eluate was concentrated by centrifugation at 2500 rpm for 15 minutes and the pellet
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volume was recorded. (c) The supernatant was then aspirated till only 5 mL of
concentrate was left and extra care was taken with reagent water sample to avoid
aspirating organisms.
The volume of the packed pellet was recorded.

The resulting pellets were

completely resuspended. At that time the tube was swirled gently to decrease any
foaming after vortexing. In some cases, the resulting pellet volume was more than
0.5 mL, so that it was divided into two or more subsamples (≤ 0.5 mL). Oocysts and
cysts were separated from debris by Dynal Crypto-Combo immunomagnetic beads
and Dynal Giardia-Combo immunomagnetic beads (IMS). The sample on the well
slide was allowed to air dry completely before staining for immunofluorescence
assay, including DAPI, Sigma Chemical Co. cat. no. D9542 stain to provide for
visualisation of nuclei as an aide to identification.
2. 4 Calculations
The (oo) cyst concentration, recovery efficiency and limit of detection values were
calculated according to equations 1, 2, and 3, respectively (Ongerth 1994).
Eq. (1) Oo/Cyst Concentration =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 (𝑜𝑜)𝑐𝑦𝑠𝑡𝑠 𝑓𝑜𝑢𝑛𝑑 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑦 𝐼𝐹𝐴
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑓𝑜𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑎𝑡𝑐ℎ × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

Eq. (2) recovery efficiency =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 (𝑜𝑜)𝑐𝑦𝑠𝑡𝑠 𝑓𝑜𝑢𝑛𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 (𝑜𝑜)𝑐𝑦𝑠𝑡𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑡𝑜 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

Eq. (3) Limitof detection =

1
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

2. 5 Data analysis and calculations
Statistical analysis was carried out with error propagation to describe method
precision and performance comparison testing (t-test). The oocyst and cyst recovery
efficiencies were computed according to the equation Recovery Efficiency =
[Number of (oo) cysts found in the positive control divided by number of cysts
seeded to positive control]. The (oo) cyst concentration was computed by dividing
the Number of (oo) cysts found in sample by IFA by recovery efficiency for sample
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batch × sample volume. The limit of detection values was calculated according to the
equation (Limit of Detection) = 1/ recovery efficiency × sample volume. Recovery
efficiency derived from all experiments was compared by the performance
comparison testing, t-test. All trials were carried out in triplicates and recovery
efficiency values obtained were then averaged. The performance comparison testing
was used for the comparison of recovery efficiency derived from all experiments.
Mean values were associated with standard deviations; the level of statistical
significance was considered to be P < 0.05.

Loddon Ck
Cataract, Under
Appin Rd

MacquarieRivl.

Tongarra Creek

Fitzory Falls
Kangaroo River

Shoalhaven
River

Figure 2 Investigated area in New South Wales (NSW); Loddon Ck Cataract Under
Appin Rd (LCC), Macquarie Rivulet, Tongarra Creek, Kangaroo River, Fitzory falls
and Shoalhaven River at which water samples were collected for analysis of
Cryptosporidium oocyst and Giardia cyst concentrations
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MR1

MR3

TC
MR2

MR4

KRCF

FR

UKSR

BPR
UJRB
TD

SRIR

SRBR

Figure 3 Sites in New South Wales (NSW); Macquarie Rivulet (MR1, MR2, MR3,
MR4), Tongarra Creek (TC), Kangaroo River (KRCF, UKSR, UJRB, BPR), Fitzory
Falls (FR) and Shoalhaven River (TD, SRIR, SRBR) at which water samples were
collected for analysis of Cryptosporidium oocyst and Giardia cyst concentrations.
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Figure 4 Photos of investigated Loddon Creek area in New South Wales (NSW).

Figure 5 Photos of investigated Macquarie Rivulet (Rivl) area in New South Wales
(NSW), from left to right samples collected from: (a) Macquarie Rivulet, 4 Km from
North Macquarie Road, (b) Macquarie Rivulet 2.6 Km from North Macquarie Road
and (c) Macquarie Rivulet at North Macquarie Road.

Figure 6 Photos of Kangaroo River sites in New South Wales (NSW), from left to
right samples collected from: (a) under Carrington Falls Road Bridge, (b) upper
Kangaroo River between Carrington Falls Road (7 Km) and under Jarrett’s Road
bridge (6.9Km) and (c) under Jarrett’s Road bridge.

Figure 7 Photos of investigated Shoalhaven River area in New South Wales (NSW),
from left to right samples collected from: (a) Shoalhaven River below Tallowa Dam,
(b) Fitzroy Reservoir water (c) Shoalhaven River, near Burrier Road.
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Real water samples batch processing:

•

NC=Negative Control (Mill-Q water)

•

PC1, PC 2 & PC 3=Positive Control (spiked real water collected at the same time)

•

S1-S5=Samples 1-5 (real water collected at the same time)
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Figure 8 typical water sample batch processing by IDEXX IMS and IFA with DAPI

72

P
C
2

P
C
3

Chapter 2: Methods, Materials and technique

2. 6 Quality assurance
To ensure the quality of research results, quality assurance tests were performed in
this study, so that they were applied routinely in our laboratory to ensure that
samples were free of parasite contamination. These negative controls samples were
conducted to ensure that no oocysts and cysts were introduced or carried over into
water samples being analysed. They were run prior to the first time these
experiments started and before proceeding to the positive control sample to ensure
that no oo/cysts were carried over between samples or from positive control into
samples.
Positive controls are water from the selected locations of the same volume as the
samples (10 L) to which 200 organisms (oocysts and/or cysts) with concentrations
established by the triplicate concentration checks (see section 2.1.2). They were to
quantify recovery rates of each type of water and to confirm that the results were
produced by the laboratory remained within the typical recovery efficiencies of this
method for accuracy and recovery. Trials were always done at least in triplicate
under the same conditions and their results were compared with the control groups.
Additional, each step was conducted on each sample in the batch by the same
technician to minimize variability between the samples of a batch (Ongerth 1994).
Small numbers of oocysts and cysts concentration for seeding were determined by
drop counting in triplicates (see section 2.1.2). A micropipette, 1-10 µL range, was
checked for calibration using a top-weighing balance, repeating at least 12, using
1µL, 5 µL and 10 µL droplets to reduce and identify possible errors in liquid
handling and then to verify the number of organisms added to the positive control
(PC).
Cryptosporidium oocysts and Giardia cysts were positively identified based on the
comparison with the fluorescent features of the enumerated (oo) cysts and followed
the described criteria (Hansen and Ongerth 1991; Ongerth 1994; U.S. Environmental
Protection Agency 2005). The confirmation of (oo)cysts was also based on the
results of DAPI staining, and differential interference contrast microscopy. The
DAPI, and differential interference contrast microscopy oocysts and cysts satisfied
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the criteria of the published procedure, Method 1622/23 (U.S. Environmental
Protection Agency 2005). Entire stained area was examined and the numbers of
fluorescing protozoan parasites were counted. The expected range and the IFA
fluorescence of oocysts and cysts into positive staining control slides were
acceptable. The entire well was examined; an up-and-down or a side-to-side for
bright apple-green fluorescence of the oocyst and cyst wall, and shape using
epifluorescence microscopy. Negative staining controls were examined. Typically,
they were acceptable because no oocysts or cysts were found. The microscope was
adjusted and calibrated prior to analysis of control samples and all of the
requirements in the EPA method were completely met. All the microscope portions
from the light sources to the oculars were properly adjusted by technician. Replacing
mercury bulb was conducted to ensure that the mercury bulb has not exceeded time
limits of operation, and then the time was counted.
2.6.1

Control Preparation

Oocyst and cyst recovery efficiency differed from sample to sample depending on
the water sample type. In low turbidity water, Cryptosporidium oocysts and Giardia
cysts recovery was generally somewhat higher than those in turbid water. To enable
measuring concentration accurately, it is essential that recovery for each water type
must be measured using an aliquot of the specific water being analysed to determine
the recovery efficiency rate of Cryptosporidium oocysts and Giardia cysts accurately
(Grundlingh and CME de Wet 2004). Typical recovery efficiencies for this technique
over a period of more than five years, conducting several hundred samples from a
variety of surface waters, filtration plants, and distribution systems are in the range of
20%. The detection limit is directly related to recovery efficiency so varies with the
water sample type over a range from about 0.1 cysts/L to as low as 0.002 cysts/L
(Ongerth 1994). The purpose of positive and negative controls was for quality
control and to enable quantifying recovery efficiency and therefore organism
concentration for each sampling location and date. This provided assurance of the
accuracy of recovery measurements, and ensured that no oocysts and cysts were
carried over between samples, the reagents, and the equipment or from positive
control into samples, respectively.
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2.6.1.1 Negative controls
Negative controls were run prior to the first time these experiments were started and
before proceeding to the positive control sample in each batch to ensure that no
oo/cysts were carried over between samples or from positive control into samples
(See Figure 8 above).
2.6.1.1.1 Negative staining control
Negative staining controls were examined and they were judged acceptable if no
oocysts or cysts were found.
2.6.1.1.2 Positive staining control
The expected range and the IFA fluorescence of oocysts and cysts into positive
staining control slides were acceptable. The entire well was examined; an up-anddown or a side-to-side for bright apple-green fluorescence of the oocyst and cyst
wall, and shape using epifluorescence microscopy. The Cryptosporidium oocyst
positive result was that they display a brilliant apple-green fluorescing under
ultraviolet (UV) light, typical size and shape (often ovoid or spherical), objects 4 to 6
μm in diameter with brightly highlighted edges and they did not display atypical on
indirect fluorescent antibody (IFA), DAPI fluorescence or differential interference
contrast (DIC) microscopy. The positive result for Giardia cysts was that they were
round to ovoid objects 5-15 µm wide and 8-18 µm long with brightly highlighted
edges and display a brilliant apple-green fluorescing under UV light. They didn’t
display atypical on IFA, DAPI fluorescence, or differential interference contrast
(DIC) microscopy (Ongerth 1989; Hansen and Ongerth 1991; Ongerth 1994; Ong et
al. 1996; Rose et al. 2002; U.S. Environmental Protection Agency 2005).
Furthermore, the confirmation of (oo) cysts was based on the results of DAPI,
staining results, and differential interference contrast (DIC) microscopy. The DAPI,
and differential interference contrast microscopy oocysts and cysts satisfied the
criteria of the published procedure, Method 1622/23 (U.S. Environmental Protection
Agency 2005).
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2. 7 Measure recovery efficiency for each sample batch
Each sample batch consisting of 5 x 10 L aliquots collected as a single volume plus a
seeded positive control using one to three 10 L aliquot of the large sample, with two
negative controls, triplicate stain/seed checks and triplicate concentration checks as
shown in Figure 8. Oocyst and cyst recovery efficiency was expected to differ from
site- by site depending on the location and sampling conditions. It is essential that
recoveries for each water type must be done on the type of water to determine the
recovery efficiency rate of Cryptosporidium oocysts and Giardia cysts in each water
sample types (Grundlingh and CME de Wet 2004). This was conducted to determine
the effect of the environmental water quality on the method’s recovery efficiency for
the oocyst and cyst. Recovery efficiency for each sampling location was measured
essentially as shown in Figure 8. A drop counting procedure was used to verify the
number of organisms added to the positive control as described in section 2.1.2. A
volume of dilute stock solution which contained the desired count was added to 10 L
water sample to be used as the positive control. The positive control was then
processed in exactly the same way as the water samples in each batch. The oocyst
and cyst recovery efficiencies were computed according to the equation of Recovery
Efficiency = [Number of (oo) cysts found in the positive control divided by number
of cysts seeded to positive control] (Ongerth 1994).
2. 8 Calculate oocyst and cyst concentrations using the actual sample volumes
and measured recovery efficiency.
2. 9 Study Area
The study was conducted between March and August, 2010 in New South Wales,
Australia's most populous state, is located in the south-east of the country, north of
Victoria, south of Queensland, east of South Australia and encompasses the whole of
the Australian Capital Territory. The area investigated in this paper lies
approximately between the S 34.70390O, E 150.58951O) as shown in Figure 2 and
Figure 3. It lies approximately between 80 to 200 kilometres south of Sydney. The
region has many major rivers, including the Minnamurra, Kangaroo, Shoalhaven,
Reserves, and the natural is varied, from rainforests to open woodlands, heathlands to
wetlands, and freshwater streams (see Figure 4, Figure 5, Figure 6 and Figure 7). The
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climate in summer is relatively mild and cool to mild in winter and temperatures
rarely fall below 0°C. The variability in rainfall from one year to the next is high
(CSIRO 2007).
The rainfall is high; the average annual is 1,143.1 mm and the number of wet
weather days is 130.4 (the Shoalhaven - The Enterprising Alternative Web Site/
http://business.shoalhaven.nsw.gov.au/Lifestyle/AreaStatistics/ShoalhavenataGlance.
aspx). Water from the Shoalhaven River and its main tributary the Kangaroo River
(Tallowa Dam and Lake Yarrunga) are pumped uphill into Fitzroy Falls and
Wingecarribee reservoirs to enhance supplies to Sydney, the Illawarra and
Wingecarribee supply systems. This water is used to supply people living in the
Sydney, Blue Mountains and Illawarra areas and supplement other SCA storages
during drought (New South Wales Government, Sydney catchment Authority).
2. 10 Sampling locations
Sampling locations are shown in Figure 2 and Figure 3 as follows:
•

Taken at the sample location at Tongarra Creek.

•

Taken at the sample location at Macquarie Rivulet (MR) 1, 4 Km from North
Macquarie Road, Tongarra, New South Wales Australia.

•

Taken at the sample location at Macquarie Rivulet (MR) 2, 2.6 Km from North
Macquarie Road Tongarra New South Wales Australia.

•

Taken at the sample location at Macquarie Rivulet at the North Macquarie Road
(MR)3.

•

Taken at the sample location at Shoalhaven River below Tallowa Dam (TD).

•

Taken at the sample location at Shoalhaven River and Illaroo Rd, west (SRIR).

•

Taken at the sample location at Shoalhaven River and near Burrier Road (SRBR).

•

Taken at the sample location at Kangaroo River Arm of Reserve (KRAR).

•

Taken at the sample location at Under Jarrett’s Road Bridge, Upper Kangaroo River
(UJRB).

•

Taken at the sample location at Upper Kangaroo River (UKSR) between Carrington
Falls Road (7 Km) and Under Jarrett’s Road bridge (6.9 Km).

•

Taken at the sample location at Under Carrington Falls Road Bridge (KRCF).
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•

Taken at the sample location at Fitzroy reservoir water (FR).

•

Taken at the sample location at Loddon Ck Cataract, under Appin Rd Bridge (LCC).
2. 11 The sampling time period, dates
Water samples were collected between March and August 2010 on a monthly
schedule. Samples were taken once a month from 10 locations on four different
dates. Randomized water samples were collected once during the four months
duration of collecting water sample from five locations on five different dates
(Tongarra Creek, Shoalhaven River and Illaroo Rd, west, Kangaroo River Arm of
Reserve, Fitzroy reservoir water and Macquarie Rivulet under Calderwood Rd
Bridge).
2. 12 Water Sample Collection
Water samples were collected from three or more sampling sites on each stream from
upstream to downstream that included seven different Creeks, streams, rivers and
reservoirs. At each sampling duplicate 60 L samples were collected filling either two
60 L or two sets of three unused 20 L polyethylene containers. Samples were
transported

to

the

University

of

Wollongong

to

begin

processing

for

Cryptosporidium and Giardia analysis (Shoalhaven River, Kangaroo River,
Macquarie Rivulet, Tongarra Creek, Loddon Creek, Bendeela Pondage reservoir and
Fitzroy Reservoir).
Select sampling sites on local streams from catchments analogous/relevant to local
public water supplies. Select streams for: 1) a range of flowrates; 2) a range of
catchment activities; 3) select 3 or more sampling sites on each stream from
upstream to downstream to reflect: a) increasing catchment area and variety of uses
including only undeveloped forest and agricultural land including pasturage of cattle,
sheep, and horses. Five additional sets of samples were taken locations used only
once: Bendeela Pondage, Tongarra Creek, Shoalhaven River at Illaroo Rd, West,
Fitzroy Reservoir, and Macquarie Rivulet under Calderwood Rd Bridge). All
samples were used to measure the oocyst and cyst concentrations. Water samples
were collected from three sites along the Shoalhaven River, Kangaroo River and
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Macquarie Rivulet and one location on the Loddon Creek on at least three sampling
dates between March and August of 2010, except those collected once from
(Bendeela Pondage reservoir, Fitzroy reservoir, Tongarra Creek, Shoalhaven River
and Illaroo Rd, west, and Macquarie Rivulet under Calderwood Rd Bridge). Only
one sample was collected at these locations for reasons as follows. Water from
Tallowa Reservoir is pumped directly into Bendeela Pondage. This was a suitable
location but access was restricted. From Bendeela Pondage, Shoalhaven River water
is then pumped by Sydney Water to Fitzroy Reservoir for transport to the
Warragamba system. Sampling was switched from Bendeela to Fitzroy for reasons of
improved access. The Illaroo Rd West location was switched to Burrier Rd, at
virtually the same point on the river but on the opposite side for improved access.
The Tongarra Creek sampling location was the original Macquarie Rivulet upstream
location but switched to the subsequent location for improved access. The Macquarie
Rivulet downstream location at Calderwood Rd was abandoned due to local
influence within a community. At each spot, twelve to sixteen water samples of 10 L
each were collected at a distance of about 1 to 5 m from the bank of the river and
more than 1 m depth. Particular care was taken when filling the 20 L disposable
containers to prevent the entry of material floating on the water surface and to avoid
disturbing the bottom sediment of the rivers, creeks or reservoirs. Samples were
processed within 2 hr of collection.
2. 13 Molecular Biology Techniques
LAMP procedure for Cryptosporidium oocyst detection was conducted as previously
described (Karanis et al. 2007), and for Giardia (Plutzer and Karanis 2009). A
preliminary task was conducted to determine organism processing required
(freeze/thaw cycles) to release DNA for effective LAMP amplification. Qualitative
analysis was conducted to establish ability to apply the selected LAMP procedures to
Cryptosporidium and Giardia and to determine its general characteristics; and a final
quantitative analysis to explore ability to apply the Cryptosporidium and Giardia
LAMPs quantitatively under conditions taking advantage of minimal sample
processing.
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2.13.1 Sample collection
2.13.1.1 Source of Cryptosporidium oocysts and Giardia cysts used in seeding
experiments
Cryptosporidium oocysts and Giardia cysts were obtained commercially,
Waterborne Inc., New Orleans LA, and were also isolated from fresh dairy calf
faeces (Leppington Pastoral Company, Bringelly NSW) as described above in
sections 2.1.1.1. and 2.1.1.2. The concentration of oocysts and of cysts in the stock
suspensions was estimated by haemacytometer counts, then working suspensions
were prepared by dilution to have a concentration of approximately 103 per mL each
of oocysts and of cysts. Exact numbers of organisms were determined by a drop
counting procedure as described above in section 2.1.2.
2.13.1.2 Water samples
LAMP was applied to detect Cryptosporidium oocysts and Giardia cysts in 5
replicate 10 L samples deriving from local surface water in Wollongong University.
2.13.1.3 Water sample processing
The filtration apparatus type employed in this study was membrane filters Figure 10.
The membrane filter apparatus contained a 293 mm, 2 μm pore dia. polycarbonate
membrane filter for Giardia cysts and Cryptosporidium oocysts together and 293
mm stainless steel filter holder (See sections 2.3 and 2.3.1). The concentrated pellet
stored at -80°C for further use by freeze thaw cycling and then LAMP reaction.
2.13.1.3.1 Filtration set-up
The water was processed as described in section 2.3 for primary concentration of 10
L of water sample using a 293 mm dia. 2 um pore dia. polycarbonate membrane
(Sterlitech) to produce particle assemblages.
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2.13.1.3.2 Particle collection
After filtration, the filter was removed from the holder and placed face-up on pane of
glass that was rested in an unused plastic collection pan. The filter was wetted from
top to bottom with filtered-Milli-Q water, using a wash bottle and squeegeed three
times using a clean rubber blade (windscreen wiper blade section super-glued to a
disposable razor body). The collected filter washing suspension was transferred to a
50 mL disposable centrifuge tube then spun to pellet at 2500 rpm for 15 minutes.
Supernatant was aspirated and particle assemblages processed directly to release
DNA and analysed by LAMP
2.13.1.3.3 Organism concentration from the pellet for seeding experiments
To quantify Cryptosporidium oocyst and Giardia cyst concentrations in crude
particle pellets isolated from surface water. The pellet processed by IMS as described
in section 2.3.2 and then the (oo) cysts-free pellet seeded with a known number of
both organisms and analysed by LAMP.
2.13.2 Development and application LAMP sequence
Preliminary tasks were conducted to determine ability to use LAMP to quantify
Cryptosporidium oocyst and Giardia cyst concentrations in crude particle pellets
isolated from surface water. The tasks included: 1) an initial qualitative phase; and 2)
a final quantitative phase.
2.13.2.1 The qualitative sequence included the following elements applied using
qualitative EB-stained gel endpoints:
2.13.2.1.1 Organism collection:
Cryptosporidium oocysts and Giardia cysts were obtained as described above (See
Section 2.13.1.1) Exact numbers of organisms were determined by a drop counting
procedure (Section 2.1.2).
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2.13.2.1.2 DNA isolation:
In order to make LAMP work, Giardia and Cryptosporidium genomic DNA was
extracted from approximately 107 cysts and same amount of oocysts and from a
mixture of azide-preserved Waterborne Inc. positive control Giardia and
Cryptosporidium in 1 mL organism’s sample and also was extracted from same
amount of organisms107 isolated from fresh dairy calf faeces (Leppington Pastoral
Company, Bringelly NSW) as described above in sections 2.1.1.1. and 2.1.1.2. All
buffers and reagents used in this step to extract DNA from (oo) cysts are supplied in
the QIAmp DNeasy kits. The QIAmp DNeasy kits was used according to the
instruction of the manufacturer with a slightly modified protocol using ten freezethaw cycles, each cycle consisting of 30 sec. in liquid nitrogen followed by thawing
at 80°C for 30 sec. in water bath. Instructions of the manufacturer were followed for
purification of total DNA from Animal Tissues (Spin-Column Protocol). A total of 1
mL of oocysts and/or cysts sample suspension was centrifuged at 4500 g for 5
minutes, decanted, resuspended in 180 µL ATL buffer (Tissue Lysis Buffer), and
then subjected to freeze-thaw cycles to rupture the (oo) cysts’ walls and release
DNA. This involved ten cycles of freezing the samples in liquid nitrogen for 30 sec.,
and thawing them at 80°C for 30 sec. in water bath. Samples were spot-spun to
recondense. To this sample, 20 µL of proteinase K was added, and the sample was
allowed to digest overnight at 56 °C in a heating block. The remaining protocol for
DNA recovery followed manufacturer’s instructions. Briefly, 200 µL AL buffer was
added to each sample, vortexed, and then incubated at 56 °C for 10 minutes. After
incubation period, 200 µL of ethanol was added to each sample, and they were
vortexed. The complete sample was applied to DNeasy columns, and centrifuged at
6000 x g for 1 minutes, and then discard the filtrate. 200 µL of AW1 washing buffer
was added, spun at 6,000 x g for 2 minutes, and the filtrate was discard. 200 µL of
AW2 washing buffer was added, samples centrifuged at 20,000 x g for 3 minutes to
dry the column, and then the filtrate discard. To increase the quantity of recovered
DNA from the column, AE elution buffer was applied twice per sample. After the
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first elution of DNA extract with 100 µL of AE buffer and centrifugation 6000 x g
for 1 minute, this step was again performed with 100 µL of AE buffer and
centrifugation 6000 x g for 1 minute. A miniDrop spectrophotometer (Thermo
Scientific NanoDrop 2000c UV-Vis Spectrophotometer) was used to measure DNA
concentrations in elutes at 260 nm. Total DNA recovered from the samples:
Cryptosporidium = 2.3 µg; Giardia = 3.0 µg; Cryptosporidium and Giardia
Waterborne (w) = 0.07 µg. Finally, 10 uL of each sample was electrophoresed on a
1% agarose gel (80 V for 75 minutes) and visualised by ethidium bromide. The DNA
isolated from both Cryptosporidium samples was combined totalling 200 µL as was
Giardia DNA. Final Cryptosporidium DNA concentration was 2220 ng/µL, the final
Giardia DNA concentration was 3260 ng/µL. DNA was aliquoted in 25 µL volumes
and stored at -80°C for further use.
To evaluate the sensitivity of the quantitative characteristics of the LAMP procedure
two approaches were used: a) DNA isolated from 107 organisms was diluted to 10-12
for use as template; and b) drop-counted small numbers of both organisms (from 1 to
4) were analysed with five replicates for each concentration level. Quantitative
analysis was performed first by counting organisms as described in section 2.1.2. As
a result, it is possible to quantify the organisms’ number from one to high organism
concentrations. Template consisting of 10.2 µL of oocyst or cyst suspensions
containing known numbers of organisms (1-4) with 13.8 µL LAMP reaction mixtur
was subjected to 10 cycles of freezing in liquid nitrogen for 30 sec. and thawing at 80
°C for 30 sec. in water bath to release the target DNA.
2.13.2.1.3 LAMP prmers:
The LAMP primers used were SAM-1 gene primers for Cryptosporidium DNA and
EF1-α gene primer for Giardia DNA as previously described by Karanis et al. (2007)
and Plutzer and Karanis (2009). The SAM-1 and EF1-α primers were purchased as
custom oligonucleotides from SAFC Sigma-Aldrich, Castle Hill, NSW, Australia
(sigma.com/oligos). The LAMP reaction mixture was prepared as described below.
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2.13.2.1.3.1 Prepare 130 µL of primer mixture
The LAMP primers used were as previously described by (Karanis et al. 2007;
Plutzer and Karanis 2009). These primers and identical amplification conditions were
used to permit reliance on previously demonstrated target sequence production.
Cryptosporidium master mixture and Giardia master mixture were prepared using
previously prepared SAM-1 primer mixture and using previously prepared EF1-α
primer mixture, respectively. primer mixture was prepared in 1.5 mL microfuge tube,
containing 130 µL of (20 µL of FIP and 20 µL of BIP @ 200 pM/µL), (5 µL of F3
and 5 µL of B3 @ 100 pM/µL), (20 µL of LF and 20 µL of LB @ 100 pM/µL) and
40 µL of Milli-Q water.
The LAMP assays for Cryptosporidium and Giardia in this project were selected for
having been developed and tested previously and applied to sample analysis
reasonably similar to those planned for this project. The Cryptosporidium LAMP
assay chosen was that reported by (Karanis et al. 2007) and further developed and
applied by (Bakheit et al. 2008). It is based on primers recognising the SAM-1 gene
Cryptosporidium genome and has been shown to be specific to Cryptosporidium
DNA, identifying specifically C. parvum, C. hominis, and C. meleagridis. Since the
species recognised are among the most common and most commonly found in water
the primer set suited the objectives of this project, to elaborate on processing
potential and not dependent on necessarily comprehensive recognition.
The Giardia LAMP assay used in this project was reported by (Plutzer and Karanis
2009). It is based on primers recognising the EF1-a gene region of the Giardia
genome. It has been shown to recognise Giardia species most commonly found in
the environment and most likely to be found in water samples. As for the
Cryptosporidium LAMP, this Giardia LAMP was well suited to the needs of this
project.
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2.13.2.1.3.2 Prepare 100 µL of dNTP mixture
dNTP mixture was prepared in 1.5 mL microfuge tube, containing 100 µLof 10 µL
of Datp, 10 µLof dGTP, 10 µL of dTTP, 10 µL of dCTP and 60 µL Mill-Q water
2.13.2.1.3.3 Prepare 100 µL of 2x reaction mixture
2x reaction mixture was prepared in 1.5 mL microfuge tube, containing 100 µL of 20
µL 10 X BST buffer, 16 µL 100 mM MgSO4, 32 µL 5 mM betaine, 2 µL 1:10 Tween
20, 10 µL dNTP mix (10 µL of dATP; 10 µL of dGTP; 10 µL of dTTP; and 10 µL of
dCTP plus 60 µL Mill-Q water), and 20 µL Mill-Q water.
2.13.2.1.3.4 LAMP reaction mixture
100 µL of master mixture was divided to seven equal volumes 12.5 µL into each of
seven individual 0.5 mL PCR reaction tubes, each containing 1.3 μL of SAM-1
primer mix (1.6 µM ea. FIP/BIP; 0.8 µM ea. LF/LB; 0.2 µM ea. F3/B3) or EF1-α
primer mix (1.6 µM ea. FIP/BIP; 0.8 µM ea. LF/LB; 0.2 µM ea. F3/B3), 8.2 μL of
particle free-Mill-Q water and 2 μL template. Negative controls were prepared using
2 µL of UV-irradiated filtered-Milli-Q water instead of 2 µL DNA template.
2.13.2.1.4 Running the PCR
The reactions were run in a block-type PCR unit as follows: A strip of seven labelled
0.5 mL PCR reaction tubes including negative control, each containing a 24 µL
volume was placed into the PCR machine and the PCR program started. After the
denaturing temperature of 95°C for 30 sec. was reached, (1µL for 8U Bst) were
added to bring the final volume in each 0.5 mL LAMP reaction tube to 25 µL. A
strip of seven labelled PCR tubes were iced on removal from the thermocycler before
adding BST to control DNA evaporation and then contamination the area. A strip of
seven labelled PCR tubes were placed again into the PCR machine followed by
amplification at 63 °C, 60 minutes for Cryptosporidium samples (SAM-1); 120
minutes for Giardia samples (EF1-α) and then heated at 80°C for 10 minutes for
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reaction termination, Cryptosporidium samples were frozen during the second hour
of amplification.
2.13.2.1.5 Making the gel (for 1.5% gel, 200 mL volume)
3.0 g of agarose was weighed out into a 250 mL conical flask. 200 mL of 1x TAE
buffer (20 mL of TAE buffer 5x with 1L of Mill-Q-water) was added and swirl to
mix. The flask was covered with plastic wrap to prevent boiling over, and then
microwave was used at high setting for 2 minutes to dissolve the agarose. The
dissolved agarose was left to cool on the bench down to about 50°C.
2.13.2.1.6 Loading the gel
The gel tank was prepared to be ready on the bench, while the agarose was cooling.
The gel poured slowly into the tank after the comb was inserted in correct position.
The casting tray and solidified gel were then placed in the tank that has wire
electrodes at each end (Wide Mini-Sub® Cell GT System 15 x 10 cm or Mini-Sub
Cell GT Systems 7 x 10 cm gel tray) with the wells oriented to the negative
electrode. 1x TAE buffer was poured slightly into the tank until it just covers the
surface of the gel to a depth of 2–3 mm and flood into the areas that is hold the
electrodes.
2.13.2.1.7 Preparing the samples
10 μL of the LAMP product with 2 μL loading buffer mixed was pipetted into each
one of the wells in a 1.5% agarose gel, holding the tip above the well but under the
buffer solution. The first well was loaded with 5 μL of the marker. This step was
repeated with all tubes. A new barrier pipette tip was used for each sample, to avoid
cross-contamination
2.13.2.1.8 Running the gel
Once the all tubes LAMP product were loaded into the wells, a positive electrode and
a negative electrode of the chamber (Wide Mini-Sub® Cell GT System 15 x 10 cm
or Mini-Sub Cell GT Systems 7 x 10 cm gel tray) were connected to a power supply
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(PowerPac™ HC Power Supply), run at 80v for 80 minutes. The positive terminal of
the power supply was connected to the electrode furthest from the wells.
2.13.2.1.9 Staining the DNA
The power supply (PowerPac™ HC Power Supply) was automatically disconnected
after 80 minutes to help prevent the DNA run off of the end of the gel. The
electrodes were removed and the 1x TAE buffer was poured off. The 1.5% agarose
gel was stained 30 minutes with ethidium bromide, washed the stain from the gel
surface with Mill-Q water for a few seconds and it was carefully placed onto the
glass surface of the gel logic 212 PRO imaging system for visualization under a UV
transilluminator.
2.13.2.1.10

Determine ability to amplify controls (positive and negative)

Positive controls were 2 µL Cryptosporidium-template or Giardia-template.
Negative controls were 2 µL of UV-irradiated filtered-Milli-Q water instead of 2 µL
DNA template to ensure appropriate and specific amplification parameters. LAMP
negative controls for detection of Cryptosporidium presence were demonstrated
previously using distilled water and the DNA of various parasites, including
Trypanosoma brucei (GUTat 1.3), Babesia bovis (USDA strain), Theileria parva
(Muguga strain), and Toxoplasma gondii (RH strain), as well as uninfected bovine
blood DNA (Karanis et al. 2007).
2.13.2.1.11

Determine sensitivity by DNA dilution

DNA was extracted (section 2.13.2.1.2) from approximately 107 cysts and same
amount of oocysts isolated from fresh dairy calf faeces (Leppington Pastoral
Company, Bringelly NSW) as described above in section 2.1.1.1. The DNA was
quantified by a miniDrop spectrophotometer (Thermo Scientific NanoDrop 2000c
UV-Vis Spectrophotometer) and then serially diluted Cryptosporidium and Giardia
DNA for each dilution from the highest sample DNA concentration of 10-1 to as little
as 10-10. Two microliters of Cryptosporidium-template or Giardia-template dilution
of 10-1 to 10-10 and 8.2 µL particle free-Mill-Q water were added after the master mix
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was divided to ten equal volumes 12.5 µL into each of ten individual 0.5 mL LAMP
reaction tubes, each including 1.3 μL of SAM-1 or EF1-α primer mix. After the
denaturing temperature of 95°C for 30 sec. was reached, (1µL for 8U Bst) were
added to bring the final volume in each 0.5 mL LAMP reaction tube to 25 µL. The
reaction tubes were iced on removal from the thermocycler before adding BST to
control DNA evaporation and then contamination the area, followed by amplification
at 63 °C, 60 minutes for Cryptosporidium samples (SAM-1); 120 minutes for
Giardia samples (EF1-α), returning Cryptosporidium samples to PCR machine for
reaction termination and then heated at 80°C for 10 minutes for reaction termination.
Cryptosporidium samples were frozen during the second hour of amplification. 10
μL of the LAMP product with 2 μL loading buffer mixed were electrophoresed to in
a 1.5% agarose gel, run at 80v for 80 minutes and then stained 30 minutes with
ethidium bromide for visualization under a UV transilluminator (Gel Logic 212 PRO
Imaging System). Cryptosporidium and Giardia negative control were prepared
using 2 µL of UV-irradiated filtered-Milli-Q water instead of 2 µL DNA template.
2.13.2.1.12

Determine specificity by seeding of stream pellet

2.13.2.1.12.1 Organism collection:
Cryptosporidium oocysts and Giardia cysts were obtained as described above (See
Section 2.13.1.1) Exact numbers of organisms were determined by a drop counting
procedure (Section 2.1.2)
2.13.2.1.12.2 Water samples
LAMP was applied to detect Cryptosporidium oocysts and Giardia cysts seeded in
crude particle pellets isolated from surface water.
2.13.2.1.12.3 Water sample processing
Water was processed as described above (See sections 2.13.1.3 and 2.13.1.3.1
through 2.13.1.3.3). The concentrated pellet stored at -80°C for further use by freeze
thaw cycling and then LAMP reaction.
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2.13.2.1.12.3.1

Seeding crude particle pellets isolated from surface water.

Precise numbers of organisms (1 to 4, of cysts or oocysts) for seeding were counted
by a “drop counting” procedure as described above in section 2.1.2 and were
analysed with five replicates for concentrations level of 1 and 2 organisms, four
replicates for concentration level of 3 organisms and three replicates for
concentrations level of 4 organisms. Known numbers of organisms (concentrations
ranging from 1 to 4 (oo) cyst/10.2 µL) seeded in clean pellet (particle-free pellet)
after using Dynabeads Crypto-Combo and Dynabeads Giardia-Combo (IDEXX IMS)
procedure to recover cysts and oocysts from pellet of environmental water samples.
A volume of dilute stock solution (1 µL, 2 µL, 3 µL and 4 µL) which contained the
desired count was added to 9.2 µL, 8.2 µL, 7.2 µL and 6.2 µL particle-free pellet,
respectively. Positive control samples were 12.5 μl of 2 x reaction mixes, 1.3 μL of
SAM-1 or EF1-α primer mix, 2 µL Cryptosporidium-template or Giardia-template,
8.2 µL of particle free-Mill-Q water. Negative controls were 12.5 μl of 2 x reaction
mixes, 1.3 μL of SAM-1 or EF1-α primer mix, 2 µL of UV-irradiated filtered-MilliQ water instead of 2 µL DNA template and 8.2 µL particle-free pellets to ensure
appropriate and specific amplification parameters. The total volume 24 µL (12.5 μl
of 2x reaction mix, 1.3 μL of SAM-1 or EF1-α primer mixtur and seeded 10.2 μL of
particle-free pellet)in each 0.5 mL LAMP reaction tube subjected to 10 cycles of
freezing in liquid nitrogen for 30 sec. and thawing at 80 °C for 30 sec. in water bath
to release the target DNA. After the denaturing temperature of 95°C for 30 sec. was
reached, 1µL of 8U Bst were added to bring the final volume in each 0.5 mL LAMP
reaction tube to 25 µL followed by amplification at 63 °C, 60 minutes for
Cryptosporidium samples (SAM-1); 120 minutes for Giardia samples (EF1-α) and
then heated at 80°C for 10 minutes for reaction termination. Cryptosporidium
samples were frozen during the second hour of amplification. 10 μL of the LAMP
product with 2 μL loading buffer mixed were electrophoresed to in a 1.5% agarose
gel, run at 80v for 80 minutes and then stained 30 minutes with ethidium bromide for
visualization under a UV transilluminator (Gel Logic 212 PRO Imaging System).
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2.13.2.1.13

Organisms seeded in particle-free Milli-Q water

Known numbers of organisms (1 to 4, of cysts or oocysts) for seeding were counted
by a “drop counting” procedure as described above in section 2.1.2 and were
analysed with five replicates for concentrations level of 1 and 2 organisms, four
replicates for concentration level of 3 organisms and three replicates for
concentrations level of 4 organisms. Precise numbers of organisms (concentrations
ranging from 1 to 4 (oo) cyst/10.2 µL) seeded in particle-free Milli-Q water. A
volume of dilute stock solution (1 µL, 2 µL, 3 µL and 4 µL) which contained the
desired count was added to 9.2 µL, 8.2 µL, 7.2 µL and 6.2 µL particle-free Milli-Q
water, respectively. The total volume 24 µL (12.5 μL of 2x reaction mix, 1.3 μL of
SAM-1 or EF1-α primer mix and seeded 10.2 μL particle-free Milli-Q water) in
each 0.5 mL LAMP reaction tube subjected to 10 cycles of freezing in liquid
nitrogen for 30 sec. and thawing at 80 °C for 30 sec. in water bath to release the
target DNA. After the denaturing temperature of 95°C for 30 sec. was reached, (1µL
for 8U Bst) were added to bring the final volume in each 0.5 mL LAMP reaction
tube to 25 µL followed by amplification at 63 °C, 60 minutes for Cryptosporidium
samples (SAM-1); 120 minutes for Giardia samples (EF1-α) and then heated at 80°C
for 10 minutes for reaction termination. Cryptosporidium samples were frozen during
the second hour of amplification. 10 μL of the LAMP product with 2 μL loading
buffer mixed were electrophoresed to in a 1.5% agarose gel, run at 80v for 80
minutes and then stained 30 minutes with ethidium bromide for visualization under a
UV transilluminator (Gel Logic 212 PRO Imaging System). Positive control samples
were 12.5 μl of 2 x reaction mixes, 1.3 μL of SAM-1 or EF1-α primer mix, 2 µL
Cryptosporidium-template or Giardia-template, 8.2 µL of particle free-Mill-Q water.
Negative controls were 12.5 μl of 2 x reaction mixes, 1.3 μL of SAM-1 or EF1-α
primer mix, 2 µL of UV-irradiated filtered-Milli-Q water instead of 2 µL DNA
template and 8.2 µL particle-free Milli-Q water to ensure appropriate and specific
amplification parameters.
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2.13.2.2 The quantitative capabilities of LAMP using Real Time, quantitative PCR
Quantitative RT-PCR analysis was performed using the SAM-1 gene primers for
Cryptosporidium DNA and Giardia DNA using the EF-α gene primer. The real-time
quantitative PCR with a fluorescence endpoint using SYTO13 and absolute endpoint
determination using a Roche LightCycler 480 for temperature control was employed
2.13.2.2.1 Organism collection
Cryptosporidium oocysts and Giardia cysts were obtained as described above (See
Section 2.13.1.1) Exact numbers of organisms were determined by a drop counting
procedure (Section 2.1.2).
2.13.2.2.2 DNA isolation:
DNA was extracted from approximately 107 cysts and same amount of oocysts
isolated from fresh dairy calf faeces (Leppington Pastoral Company, Bringelly NSW)
as described in section 2.13.2.1.2. The DNA was quantified by a miniDrop
spectrophotometer (Thermo Scientific NanoDrop 2000c UV-Vis Spectrophotometer)
and then serially diluted. In other case, large numbers e.g. >1000; and small
numbers, e.g. 1 to 100 subjected to freeze-thaw cycles to rupture the (oo) cysts’ walls
and release DNA to determine the sensitivity of LAMP for detection of
Cryptosporidium and Giardia DNA released. This involved ten cycles of freezing the
samples in liquid nitrogen for 30 sec., and thawing them at 80°C for 30 sec. in water
bath.
2.13.2.2.3 LAMP primers: (See sections 2.13.2.1.3 and 2.13.2.1.3.1 through
2.13.2.1.3.3)
2.13.2.2.3.1 LAMP reaction mixture
100 µL of master mixture was divided to seven equal volumes 12.5 µL into each of
seven individual 0.5 mL PCR reaction tubes, each containing 1.3 μL of SAM-1
primer mix (1.6 µM ea. FIP/BIP; 0.8 µM ea. LF/LB; 0.2 µM ea. F3/B3) or EF1-α
primer mix (1.6 µM ea. FIP/BIP; 0.8 µM ea. LF/LB; 0.2 µM ea. F3/B3), 6.2 μL of
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particle free-Mill-Q water, 2 μL of SYTO 13 and 2 μL template. Negative controls
were prepared using 2 µL of UV-irradiated filtered-Milli-Q water instead of 2 µL
DNA template, 2 μL of SYTO 13 and 6.2 μL of particle free-Mill-Q water.
2.13.2.2.3.2 SYTO 13 Dye for measuring total DNA quantity
Measurement of SYTO 13 fluorescence signal was used to detect generated PCR
products. The increase in SYTO 13 fluorescence is directly proportional to the
amount of the double-stranded DNA generated.
2.13.2.2.4 Running the PCR
The reactions were run in a block-type PCR unit for 30 sec. at 95 °C to denature
sample DNA and then 1 µL Bst polymerase was added to each reaction tube.
2.13.2.2.5 Running the Lightcycler 480 Instrument
A final volume of 25 µL in each 0.5 mL LAMP reaction tube was loaded in
Lightcycler 480 multiwell plates 96. This multiwell plate was sealed by sealing foil,
centrifuged at 1500 xg for 1 minute and then loaded in the LightCycler 480
Instrument until the PCR program started. The temperature program used was
identical to the one used in development described above, Figure 9. Following 30
sec. at 95 oC to produce single stranded DNA, the Bst polymerase was added and
amplification was conducted at 63 oC for 60 minutes. The reactions were finally
terminated by heating to 95 oC for 10 minutes.
2.13.2.2.6 Determine ability to amplify controls (Positive and Negative controls
samples)
Positive control: Include genotype standards. All genotype standards used as positive
controls. The software reported no results if the positive control fails and informed
which standards have failed. Positive controls were 12.5 μl of 2 x reaction mixes, 1.3
μL of SAM-1 or EF1-α primer mix, 2 µL Cryptosporidium-template or Giardiatemplate, 6.2 µL of particle free-Mill-Q water and 2 µL SYTO 13. Negative control:
include reagent mix without DNA template, samples that emit a weak or no
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fluorescence signal. The software reported no result if any negative control has failed
and informed which negative control has failed. Negative controls were 12.5 μl of 2
x reaction mixture, 1.3 μL of SAM-1 or EF1-α primer mixture, 2 µL of UVirradiated filtered-Milli-Q water instead of 2 µL DNA template, 6.2 µL of particle
free-Mill-Q water and 2 µL SYTO 13.
2.13.2.2.7 Determine sensitivity by DNA dilution
DNA was extracted as described above in section 2.13.2.1.2 and then serially diluted
Cryptosporidium and Giardia DNA for each dilution from the highest sample DNA
concentration of 10-8 to as little as 10-12. The reaction consisted of 12.5 μl of 2x
reaction mix [10x BST buffer; 100 mM MgSO4; 5 mM betaine; 1:10 Tween 20; and
dNTP mix], 1.3 μL of SAM-1 or EF1-α primer mix, 2 µL Cryptosporidium-template
or Giardia-template dilution of 10-8 to 10-12, 6.2 µL particle free-Mill-Q water and 2
µL SYTO 13. Cryptosporidium and Giardia negative control were prepared using 2
µL of UV-irradiated filtered-Milli-Q water instead of 2 µL DNA template, 6.2 µL of
particle free-Mill-Q water and 2 µL SYTO 13. Positive controls are 12.5 μl of 2 x
reaction mixes, 1.3 μL of SAM-1 or EF1-α primer mix, 2 µL Cryptosporidiumtemplate or Giardia-template, 6.2 µL of particle free-Mill-Q water and 2 µL SYTO
13. After the denaturing temperature of 95°C for 30 sec. was reached, (1 µL for 8U
Bst) were added to bring the final volume in each 0.5 mL LAMP reaction tube to 25
µL. The reaction tubes were iced on removal from the thermocycler before adding
BST to control DNA evaporation and then contamination the area. A final volume of
25 µL in each 0.5 mL LAMP reaction tube was loaded in Lightcycler 480 multiwell
plates 96 (See section 2.13.2.2.5).
2.13.2.2.8 The sensitivity of the LAMP amplification for Cryptosporidium and
Giardia DNA, by freeze-thaw cycles in the LightCycler 480 format
Precise numbers of organisms (1, 3, 7, 10, 100, 1000 and 10000 cysts or oocysts) for
seeding were determined by replicate haemocytometer counts, a drop counting
procedure and direct transfer of a known small volumes of working suspensions to
13 mm dia filter membranes as described above in section 2.1.2 . Exact numbers of
organisms (1, 3, 7, 10, 100, 1000 and 10000 cysts or oocysts) was seeded in 10.2 µL
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particle-free Milli-Q water. Cryptosporidium and Giardia negative control were
prepared using 2 µL of UV-irradiated filtered-Milli-Q water instead of 2 µL DNA
template, 6.2 µL of particle free-Mill-Q water and 2 µL SYTO 13. Positive controls
were 12.5 μl of 2 x reaction mixtur, 1.3 μL of SAM-1 or EF1-α primer mix, 2 µL
Cryptosporidium-template or Giardia-template, 6.2 µL of particle-free Mill-Q water
and 2 µL SYTO 13. The total volume 24 µL (12.5 μl of 2x reaction mix, 1.3 μL of
SAM-1 or EF1-α primer mix, seeded 8.2 μL particle-free Milli-Q water, and 2 µL of
SYTO 13) in each 0.5 mL LAMP reaction tube subjected to 10 cycles of freezing in
liquid nitrogen for 30 sec. and thawing at 80 °C for 30 sec. in water bath to release
the target DNA. After the denaturing temperature of 95°C for 30 sec. was reached, (1
µL for 8U Bst) were added to bring the final volume in each 0.5 mL LAMP reaction
tube to 25 µL. The reaction tubes were iced on removal from the thermocycler before
adding BST to control DNA evaporation and then contamination the area. A final
volume of 25 µL in each 0.5 mL LAMP reaction tube was loaded in Lightcycler 480
multiwell plates 96 (See section 2.13.2.2.5).
2.13.2.2.9 Determine specificity by seeding of stream pellet by freeze-thaw cycles in
the LightCycler 480 format
2.13.2.2.9.1 Organism collection
Cryptosporidium oocysts and Giardia cysts were obtained as described above (See
Section 2.13.1.1) Exact numbers of organisms were determined by a drop counting
procedure (Section 2.1.2).
2.13.2.2.9.2 Water samples
LAMP was applied to detect Cryptosporidium oocysts and Giardia cysts seeded in
crude particle pellets isolated from surface water.
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2.13.2.2.9.3 Water sample processing
Water was processed as described above (See sections 2.13.1.3 and 2.13.1.3.1
through 2.13.1.3.3). The concentrated pellet stored at -80°C for further use by freeze
thaw cycling and then LAMP reaction.
2.13.2.2.9.4 Seeding crude particle pellets isolated from surface water.
Cryptosporidium oocysts and Giardia cysts were isolated from fresh dairy calf faeces
(Leppington Pastoral Company, Bringelly NSW) as described above in sections
2.1.1.1. Small numbers 1, 2 and 3 organisms (3, 3 and 1 replicate, respectively), of
cysts or oocysts were counted by a “drop counting” procedure as described above in
section 2.1.2. These trials were organised in two phases: a) organisms seeded in
particle free-Mill-Q water (No pellet) subjected to freeze-thaw cycles; and b)
organisms seeded in particle-free pellet subjected to freeze-thaw cycles. The reaction
consisted of 12.5 μl of 2x reaction mix, 1.3 μL of SAM-1 or EF1-α primer mix, 1, 2,
or 3 Cryptosporidium oocysts or Giardia cysts, (7.2 µL, 6.2 µL, and 5.2 µL of
particle free-Mill-Q water or particle free-pellet, respectively) and 2 µL SYTO 13.
Positive controls were 12.5 μl of 2 x reaction mixes, 1.3 μL of SAM-1 or EF1-α
primer mix, 2 µL Cryptosporidium-template or Giardia-template, 6.2 µL of particle
free-Mill-Q water and 2 µL SYTO 13. Cryptosporidium and Giardia negative
control were prepared using 2 µL of UV-irradiated filtered-Milli-Q water instead of 2
µL DNA template, 6.2 µL of particle free-Mill-Q water or 6.2 µL of particle freepellet and 2 µL SYTO 13. After the denaturing temperature of 95°C for 30 sec. was
reached, (1 µL for 8U Bst) were added to bring the final volume in each 0.5 mL
LAMP reaction tube to 25 µL. The reaction tubes were iced on removal from the
thermocycler before adding BST to control DNA evaporation and then
contamination the area. A final volume of 25 µL in each 0.5 mL LAMP reaction tube
was loaded in Lightcycler 480 multiwell plates 96. This multiwell plate was sealed
by sealing foil, centrifuged at 1500 xg for 1 minute and then loaded in the
LightCycler 480 Instrument until the PCR program started. The temperature program
used was identical to the one used in development described above, Figure 9.
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Following 30 sec. at 95 oC to produce single stranded DNA, the Bst polymerase was
added and amplification was conducted at 63 oC for 60 minutes. The reactions were
finally terminated by heating to 95 oC for 10 minutes.
2.13.2.3 Direct application of the LAMP to environmental surface water sample
2.13.2.3.1 Water samples
LAMP was applied to detect Cryptosporidium oocysts and Giardia cysts in 5
replicate 10 L samples deriving from local surface water in Wollongong University.
The approach used here was to collect 60 L volumes of water in duplicate. Each
sample was processed as 5 replicate 10 L, seeding the 6th 10 L aliquot with 100
organisms to be analysed as the positive control and analysed the total volume in 10
L aliquots. The turbidity of the water was 0.52 NTU.
2.13.2.3.2 Water sample processing
One set of duplicate samples was processed by locally accepted standard method,
similar to USEPA Method 1623, consisting of 2 um pore dia. 293 mm dia flat
polycarbonate membrane filtration, followed by IMS and IFA microscopy as used in
Method 1623 (See sections 2.3, 2.31 and 2.3.2); apply negative and positive controls
to demonstrate lack of contamination and provide for relevant recovery efficiency
measurement. The other set of duplicate sample was processed using a 2 µm pore
size, 293 mm diameter polycarbonate membrane filter for particle collection,
followed by particle concentration, freeze thaw cycling to release DNA and LAMP
reaction. LAMP Cryptosporidium and Giardia negative controls were prepared using
10 L of sterilized filtered-Milli-Q water.
2.13.2.3.3 Filtration set-up
The water was processed for primary concentration of 10 L of water sample using a
293 mm dia. 2 um pore dia. polycarbonate membrane (Sterlitech) to produce particle
assemblages.
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2.13.2.3.4 Particle collection
After filtration, the filter was removed from the holder and placed face-up on pane of
glass that was rested in an unused plastic collection pan. The filter was wetted from
top to bottom with filtered-Milli-Q water, using a wash bottle and squeegeed three
times using a clean rubber blade (windscreen wiper blade section super-glued to a
disposable razor body). The collected filter washing suspension was transferred to a
50 mL disposable centrifuge tube then spun to pellet at 2500 rpm for 15 minutes, and
then the supernatant was aspirated. The amount of the pellet after filtering was < 0. 1
mL.
2.13.2.3.5 DNA extraction
Pellet volumes, approximately 0.1 mL or less were transferred to microfuge tubes,
subjected to 10 cycles of freezing in liquid nitrogen for 1 minute and thawing at 80
°C for 1 minute in water bath to release the target DNA, vortexed, then, a 10.2 uL
volume of pellet supernatant was processed with LAMP reaction components for
LAMP amplification along with relevant positive and negative controls.
2.13.2.3.6 LAMP primers: (See sections 2.13.2.1.3 and 2.13.2.1.3.1 through
2.13.2.1.3.3)
2.13.2.3.7 LAMP reaction mixture
A 100 µL of master mixture was divided to seven equal volumes 12.5 µL into each
of seven individual 0.5 mL PCR reaction tubes, each containing 1.3 μL of SAM-1
primer mix (1.6 µM ea. FIP/BIP; 0.8 µM ea. LF/LB; 0.2 µM ea. F3/B3) or EF1-α
primer mix (1.6 µM ea. FIP/BIP; 0.8 µM ea. LF/LB; 0.2 µM ea. F3/B3), a 10.2 uL
volume of pellet supernatant (≥ 100 µL). Positive control (seeded with 100 oocysts
or cysts) were prepared using 12.5 µL of 2x reaction mixture, 1.3 μL of SAM-1
primer mix or 1.3 μL of EF1-α

primer mix and a 10.2 uL volume of pellet

supernatant (100 µL of the positive control pellet subjected to freeze-thaw cycles as
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described above). Negative controls were prepared using 12.5 µL of 2x reaction
mixture, 1.3 μL of SAM-1 primer mix or 1.3 μL of EF1-α primer mix and a 10.2 uL
volume of supernatant (100 µL of the particle concentration subjected to freeze-thaw
cycles as described above).
2.13.2.3.8 Application of LAMP assay in prepared samples
Running the PCR: (See section 2.13.2.2.4), making the gel (for 1.5% gel, 200 mL
volume) see section 2.13.2.2.5, loading the gel see section 2.13.2.2.6, preparing the
samples see section 2.13.2.2.7, running the gel see section 2.13.2.2.8, and staining
the DNA see section 2.13.2.2.9.
2.13.3 LAMP reaction
LAMP assays to amplify the C. parvum, C. meleagridis and C. hominis SAM-1 gene
and G. duodenalis Assemblage A and B EF1-α gene were carried out according to
(Karanis et al. 2007; Bakheit et al. 2008; Plutzer and Karanis 2009) using LAMP
system. These LAMP primers have been used and evaluated in previous studies to
detect and genotype Giardia and Cryptosporidium species (Bakheit et al. 2008;
Plutzer and Karanis 2009). The LAMP reaction was performed in a reaction mixture
of 25 μl, containing 12.5 μl of 2x reaction mix [10x BST buffer; 100 mM MgSO4; 5
mM betaine; 1:10 Tween 20; and dNTP mix], 1.3 μL of SAM-1 or EF1-α primer
mix (FIP, BIP, F3, B3, LPB and LPF), [(8.2 μL of particle free-Mill-Q water and 2
μL template) or (seeded 10.2 μL of particle free-Mill-Q water)]. Positive control
samples were 12.5 μl of 2 x reaction mixes, 1.3 μL of SAM-1 or EF1-α primer mix,
2 µL Cryptosporidium-template or Giardia-template, and 8.2 µL of particle freeMill-Q water. Negative controls were 12.5 μl of 2 x reaction mixes, 1.3 μL of SAM1 or EF1-α primer mix, 2 µL of UV-irradiated filtered-Milli-Q water instead of 2 µL
DNA template and 8.2 µL particle free-Mill-Q water to ensure appropriate and
specific amplification parameters. LAMP was run by denaturing the sample DNA at
95°C for 30 sec. in a block-type PCR unit and then chilled on ice. subsequently, 1 μL
of Bst polymerase (8 U/reaction) was added to each reaction tube containing 24 μL
of denaturing mixture, followed by amplification at 63 °C, 60 minutes for
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Cryptosporidium samples (SAM-1); 120 minutes for Giardia samples (EF1-α) and
then heated at 80°C for 10 minutes for reaction termination. 10 μL of the LAMP
product with 2 μL loading buffer mixed were electrophoresed in a 1.5% agarose gel,
run at 80v for 80 minutes and then stained 30 minutes with ethidium bromide for
visualization under a UV transilluminator.
2.13.4 Primers and amplification parameters
The amplifications were performed with primers specific for a 145-bp sequence of
the Cryptosporidium parvum, C. hominis and C. meleagridis SAM-1 gene (Bakheit
et al. 2008) and for a 178-bp sequence of the Giardia duodenalis Assemblage A and
B AF069570 (EF1-α) (Plutzer and Karanis 2009) and carried out with an initial
denaturing temperature of 95°C for 30 sec. as first step where a hot start technique
was made. Each LAMP reaction batches has been conducted with reagents prepared
in 100 µL of master mixes in single tube consisting of 10x BST buffer; 100 mM
MgSO4; 5 mM betaine; 1:10 Tween 20; 10 µL dNTP mix; and Mill-Q water. A 1.3
µL SAM-1 primers mixture for Cryptosporidium sample (20 µL each of the FIP and
BIP primers (forward inner and backward inner primers), 20 µL each of the LF and
LB primers (loop forward and loop backward primers), 5 µL each of the F3 and B3
primers)) or 1.3 µL EF1α primers mixture for Giardia sample (20 µL each of the FIP
and BIP primers (forward inner and backward inner primers), 20 µL each of the LF
and LB primers (loop forward and loop backward primers), 5 µL each of the F3 and
B3 primers) with 2 µL of Cryptosporidium-template or Giardia-template and 8.2 µL
particle free-Mill-Q water were added after the master mix was divided to seven
equal volumes 12.5 µL into each of seven individual 0.5 mL LAMP reaction tubes.
Cryptosporidium and Giardia negative control were prepared using 2 µL of UVirradiated filtered-Milli-Q water instead of 2 µL DNA template. After the denaturing
temperature of 95°C for 30 sec. was reached, (1µL for 8U Bst) were added to bring
the final volume in each 0.5 mL LAMP reaction tube to 25 µL. The reaction tubes
were iced on removal from the thermocycler before adding BST to control DNA
evaporation and then contamination the area. The sec. phase of amplification was
conducted with a decrease of the temperature to 63 °C for one hour for
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Cryptosporidium and two hours for Giardia. Cryptosporidium samples were frozen
during the sec. hour of amplification. Reaction mix was unchanged except added 1
µL of 8U Bst after the denaturing step. The third phase amplification start with an
increase of the temperature to 80 °C for 10 minutes to terminate the reaction.
2.13.5 Analyses of the LAMP amplification reaction products
The analyses of the LAMP amplification reaction products were carried out by 1.5 %
agarose gel which were prepared and run with 1x TAE buffer in horizontal
electrophoresis chambers. Electrophoreses were carried out with 10 µL of
amplification product with 2 µL of loading buffer at 80 v for 80 minutes. The gels
were stained for 30 minutes with ethidium bromide for visualization under a UV
transilluminator. positive results of LAMP assays are characterized by the
appearance of a characteristic ladder-like banding pattern on the developed gel with
many bands of different sizes up to the loading well. LAMP amplification has also
been visually observed by the white turbidity in the reaction tube by the white
turbidity in the reaction tube.
2.13.6 Quantitative characteristics of oocyst and cyst identification by LAMP
Exact numbers of organisms were determined by a drop counting procedure as
illustrated above 2.1.2 to determine the sensitivity of the LAMP amplifications for
Cryptosporidium and Giardia DNA by freeze-thaw cycles, using a) large numbers
e.g. >1000; and b) small numbers, e.g. 1 to 100. The seeded 10.2 µL volumes of
particle free water or (oo) cysts-free pellet with a known number of oocysts or cysts
were subjected to 10 cycles of freezing in liquid nitrogen for 30 sec. and thawing at
80 °C for 30 sec. in water bath to release the target DNA.
Cryptosporidium and Giardia genomic DNA was extracted from approximately 107
cysts and same amount of oocysts isolated from fresh dairy calf faeces (Leppington
Pastoral Company, Bringelly NSW) as illustrated above in section 2.13.2.1.2. All
buffers and reagents used in this step to extract DNA from (oo) cysts are supplied in
the QIAmp DNeasy kits as described in section 2.13.2.1.2 to determine the
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sensitivity of the LAMP amplifications for Cryptosporidium and Giardia DNA by
dilution.
2.13.7 Identification of Cryptosporidium oocyst and Giardia cyst by LAMP assay
LAMP assay were carried out to detect Cryptosporidium oocyst or Giardia cyst in all
seeded samples with a known number of organisms or seeded samples with serial
dilution of the target gene in particle free-Mill-Q water and (oo) cysts-free pellet
(processed by IMS). LAMP for detection of oocyst based on the amplification of the
Cryptosporidium SAM-1 gene and the primer sequences was carried out as
previously described (Karanis et al. 2007; Bakheit et al. 2008), and for cyst was
conducted as described elsewhere (Plutzer and Karanis 2009). Further, preliminary
tests were conducted to determine the effectiveness of LAMP amplification included
releasing DNA from both organisms.
2.13.8 Essential elements of control in LAMP application
To control the risk of random contamination to reagent blank negative controls, a
complete DNA isolation from Cryptosporidium oocysts and Giardia cysts (preLAMP), LAMP,

and electrophoresis and sequencing areas (post- LAMP) were

carried out in different laboratory rooms. The procedures that we used in preparing
materials for our LAMP reactions including preparation and handling of master
mixes, controls (PC and NC) and template. Consequently, each of the subsequent
experiments was performed with positive controls containing defined amounts of
Cryptosporidium oocyst and Giardia cyst target DNA and negative controls that
were prepared using 2 µL of UV-irradiated filtered-Milli-Q water instead of template
to ensure appropriate and specific amplification parameters.
To control the risk of random contamination to negative control samples from where
template exists, All LAMP’s chemical and reagents were kept in different laboratory
room that has never seen Giardia or Cryptosporidium. They were aliquoted
immediately after purchase to sufficient amounts for preparation of each experiment
in master mixes in one tube. The gloves or a gown that have been worn when
working in any way with samples, organisms and DNA template were changed when
101

Chapter 2: Methods, Materials and technique

entering another laboratory room. A 2 µL of Cryptosporidium or Giardia template
was added to reaction tubes under the hood but without the fan on in different
laboratory room. Pipette tips, gloves and reaction tubes were UV irradiated for an
hour prior to assembling the reaction. Finally, the reaction tubes were taken out of
the thermocycler at 95 oC and they were cooled to 4 oC to avoid DNA evaporation to
contaminate the area prior to open them for adding Bst.
2.13.9 Evaluation of analytical procedures applied to water sampling for detecting
and recovering Giardia cysts and Cryptosporidium oocysts.
To evaluate the Cryptosporidium oocysts and Giardia cysts recovery efficiencies of
membrane filter with Dynabeads Crypto-Combo and/or Dynabeads Giardia-Combo
purification techniques and LAMP method, the experiment was designed as describe
in Figure 8 and Figure 10, respectively. A drop counting procedure was used to
verify the number of organisms added to the positive controls (PC). The desired a
count of oocyst and cyst numbers in a precise volume of stock suspension was
seeded into a 20 L unused polyethylene containers containing 10 L of water sample.
Recovery particle suspensions from 10 L sample volumes was processed as
described in sections 2.3, 2.3.1 and 2.3.2 and sections 2.13.1.3 and 2.13.1.3.1 for
LAMP. All experiments were repeated a minimum of three replicates for each
seeding level. To evaluate the parasitic organisms’ recovery efficiency of membrane
filter with Dynabeads Crypto-Combo and/or Dynabeads Giardia-Combo (IMS)
purification and LAMP, the application of the IMS to the detection and recovery
particle suspensions from 10 L sample volumes was processed according to
published procedure (U.S. Environmental Protection Agency 2005). The recovery
efficiency is then simply the number of oo/cysts found in the positive control by the
microscopist divided by the number of oo/cysts added to the positive control as seed.
To determine the protozoan parasites recovery efficiency of LAMP in seeded sample
water, cysts and oocysts DNA were extracted directly from the pellet concentrates by
freeze thaw cycling and then stored at – 80 ºC until further use. The recovery
efficiency will be calculated for samples analysed by both LAMP and IMS-based
procedures and used to describe the applicability of the two methods for detecting

102

Chapter 2: Methods, Materials and technique

and recovering low concentration of seeded organisms and for measuring the true
concentration and detection limit of the target organisms.
2.13.10 Establish LAMP limit of detection (LD) for both organisms
The limit of detection (LD) of analytical procedures applied to water sampling for
discrete, non-multiplying organisms like Cryptosporidium oocysts and Giardia cysts
is one (cyst or oocyst) in the volume of sample processed divided by the recovery
efficiency of the procedure. Accordingly, the recovery efficiency of the procedure
must be measured to enable reliable and reproducible measurement of oocyst and
cyst concentrations.
LAMP was carried out on Cryptosporidium oocysts and Giardia cysts DNA
extracted directly from seeded oo/cyst-free pellet (processed by IMS) and particlefree Milli-Q water with low concentration of both organisms to imitate the naturally
contaminated water samples. A low spiking dose at concentrations of individual
cysts or oocysts/10.2 µL used to determine the detection limit of the LAMP
technique for finding and distinguishing them from the other naturally occurring
particles and many DNA sources other than Cryptosporidium oocyst and Giardia
cyst in crude pellets. The genomic DNA of Cryptosporidium oocysts and Giardia
cysts were extracted directly from the pellet by freeze thaw cycling as described
elsewhere (Karanis et al. 2007). For negative controls UV-irradiated 2 µm filteredMilli-Q water samples were also used for all sensitivity test reactions instead of 2 µL
DNA template to assure no amplification from the reaction mixture alone. The
detection limit of this LAMP application evaluated in seeded environmental water
pellets with low concentration to imitate the naturally contaminated water samples,
because the number of cysts and oocysts found in typical samples is near the limit of
detection (Ongerth 1994; Matheson et al. 1998). The limit of detection calculated for
samples analysed by both IMS-based and LAMP-based procedures and used to
describe the relative sensitivity of the two methods for measuring the true
concentration of the target organisms.
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2.13.11 Quantitative Real Time LAMP--Roche Light Cycler 480
In preparation for analysing the stored water sample pellets by LAMP the reaction
conditions demonstrated as effective described in the previous sections were
translated to quantitative RT-LAMP using a Roche Light Cycler 480. The instrument
was programmed to conduct the LAMP reaction using SYTO 13 for product
detection on a real-time basis. The temperature program used was identical to the one
used in development described below, Figure 9. Following 30 sec. at 95 oC to
produce single stranded DNA, the Bst polymerase was added and amplification was
conducted at 63 oC for 60 minutes. The reactions were finally terminated by heating
to 95 oC for 10 minutes.

Figure 9 Cryptosporidium and Giardia Light Cycler 480 quantitative RT-LAMP
amplification temperature program
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Sample type
•
•
•

Prepare/filter by
Vacum pump
Rinse to collect
particles

•

Centerfuge to
pellet and decant

•

Process pellet by
IMS
Transfer IMS
product to
microscope
slides
Complete IFA
stain, cover,
Count by
microscopy

•

•
•

Stain.
check

Conc.
check

N
C

1

S
1

S
2

S
3

S
4

S
5

Refrigerator

•

Real water samples batch processing:

•

NC=Negative Control (Mill-Q water)

•

PC1, PC 2 & PC 3=Positive Control (spiked real water collected at the same time)

•

S1-S5=Samples 1-5 (real water collected at the same time)

Figure 10 typical water sample batch processing by LAMP
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Estimates of oocysts and cyst numbers in

Stock solution

stock suspensions were made by
haemocytometer

Stock suspensions of organisms less than a month old were diluted to
produce working suspensions of concentration close to 1/μL or 103/mL

An accurate numbers of organisms for
seeding to measure recovery were counted
by a “drop counting” procedure.

Seeded water samples of variety water types)

Small numbers of oocysts and cysts
were determined by drop counting in
triplicates

Membrane filtration methodology
Membrane filtration
293 mm dia., 2 μm pore, 250 mm Hg Vac.
Elution and centrifugation
Cyst recovery from filter: (Squeegee) filter surface
Concentration

Volume reduction: Centrifugation at 2500 rpm for 15
mins. (Pellets)
Using the IMS-based
Method 1622/1623

LAMP-based procedure

DNA extraction

LAMP reaction

Particles were transferred
to 5mm spot microscope
slides after purification

LAMP products electrophoresed in
a 1.5% agarose gel, run 80 V and
stained 30 min with ethidium
bromide for visualization under
UV light.

IFA-DAPI stained and mounted under a cover slip for
microscopic examination and enumeration of target organisms.

Figure 11 Schematic descriptions the evaluation of both IMS-based and LAMPbased procedures for detection and recovering Giardia and Cryptosporidium from
seeded water sample.
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Chapter 3
3 RESULTS
3. 1 Preliminary experiments data results
3.1.1

Micropipettes calibration

Checking micropipette accuracy by weighing, essential to accurate and reproducible
addition of positive control organisms, is illustrated by data in Table 3. In 10
replicates of nominally 2 µL droplets actual weights averaged 0.00196, ranged from
0.0018 to 0.021 with a coefficient of variation of 4%.

Table 2 Replicate weights of 2 µL of distilled water delivered by micropipette as
volume calibration check, for n=12, mean= 0.00196g ± 0.0000793g
Sample
1
2
3
4
5
6
7
8
9
10
11
12

Weight
delivered (g)
0.0019
0.0019
0.002
0.0018
0.002
0.002
0.002
0.0019
0.0021
0.0019
0.002
0.002
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Vol.
Delivered (µL)
2
2
2
2
2
2
2
2
2
2
2
2

Chapter 3: Results

3.1.2

Demonstration of ability to count, manipulate, and recover low numbers of
oocysts and cysts

3.1.2.1 Drop counting
Ability to reliably prepare organism suspensions having desired organisms’
concentrations is illustrated by drop counting data, Table 3. In 10 replicates of 10 µL
Table 3 Replicates of Cryptosporidium oocysts and Giardia cysts counted in 10 µL
droplets with means and standard deviations.
Replicate Cryptosporidium Giardia cysts
Number oocysts counted
counted
1
10
10
2
11
9
3
11
13
4
10
11
5
13
10
6
10
10
7
11
11
8
10
12
9
15
8
10
10
11
Average
11.1
10.5
Std. Dev.
±0.53
±0.45

droplets from a suspension prepared to have approximately 1 organism (oocyst or
cyst) per µL pipetted to a microscope slide, then counted had an average of 11.1
oocysts (range 10-15) and 10.5 cysts (range 8-13), both with coefficients of variation
<5%.
3.1.2.2 Replicate manipulateable volume containing consistent number of
organisms
Replication of the 13 mm in-line filter concentration check procedure for pipetted
volumes from 10 µL to 200 µL produced consistent numbers for each volume used.
The coefficients of variation for from 3 to 34 replicates ranged from 1 to 11%
averaging 4.4%, Table 4
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Table 4 Replicates of Cryptosporidium and Giardia concentration checks by 13 mm
membrane filtration and IFA.
Pipet Vol.

10 µL
20 µL
50 µL
100 µL
200 µL
Oocysts Cysts Oocysts Cysts Oocysts Cysts Oocysts Cysts Oocysts Cysts
counted counted counted counted counted counted counted counted counted counted
8
11
4
3
15
15
4
3
34
30
n
10.3
11.3
20.3
21.7
53.1
48.5
95.8
100
209.1
199
Mean
1.2
0.62
1.41
1.45
1.59
1.18
1.11
4.04
2.55
3.75
Std. Dev.
Coef of Var 0.116 0.055 0.069 0.067 0.030 0.024 0.012 0.040 0.012 0.019

3.1.3

Distribution of Cryptosporidium oocysts and Giardia cysts in water above
and below the normal limit of detection

In three trials of seeding 50 L of particle-free water with 10 Cryptosporidium oocysts
and 10 Giardia cysts, the number of oocysts recovered in each 10 L aliquot
processed ranged from 0 to 6 with averages of 2.4, 1.8, and 2.0 (Table 5, samples 1a,
b, and c). The number of cysts recovered ranged from 0 to 8 with averages identical
to those of oocysts (Table 5, Samples 1a, b, and c).

Table 5 Cryptosporidium oocysts and Giardia cysts recovered in 10 L aliquots of 50
L seeded with ca. 10 oocysts and ca. 10 cysts (ui=10/50; Vi=10)
Aliquot
Sample 1a
Sample 1b
Sample 1c
No.
oocysts cysts oocysts cysts oocysts cysts
1
1
0
1
0
2
3
2
1
3
1
0
3
1
3
6
8
2
4
2
3
4
3
1
2
1
0
2
5
1
0
3
4
3
1
Total
12
12
9
9
10
10
In six trials, 50 L of particle-free water were seeded with 75-100 Cryptosporidium
oocysts and 70-80 Giardia cysts. The number of oocysts recovered in each 10 L
aliquot processed ranged from 8 to 28 with averages ranging from 15 to 21 (Table
6).The number of cysts recovered ranged from 6 to 28 with averages ranging from 14
to 16 (Table 6).
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Table 6 Cryptosporidium oocysts and Giardia cysts recovered in 10 L aliquots of 50
L seeded with 75-100 oocysts and 70-80 cysts.
Aliquot Sample 2a Sample 2b Sample 2c Sample 2d
Sample 2e
Sample 2f
No. oocysts cysts oocysts cysts oocysts Cysts oocysts cysts oocysts cysts oocysts cysts
1
16
19
25
20
28
25
12
9
18
15
18
28
2
22
20
24
16
10
6
17
15
14
6
15
7
3
8
14
28
17
15
13
13
7
20
24
9
8
4
23
9
15
10
28
17
24
27
15
14
13
14
5
11
17
11
17
13
9
14
19
22
21
20
19
Total
80
77
103 80
94
70
80
77
89
80
75
76

In six trials, 50 L of particle-free water was seeded with 850-900 (Samples 3a,b,c)
and 650-750 (Samples 3d,e,f) Cryptosporidium oocysts and 500-650 Giardia cysts.
The number of oocysts recovered in each 10 L aliquot processed ranged from 105 to
279 with averages of 181, 164, and 171 (Samples 3a,b,c) and from 96 to 171
(Samples 3d,e,f) with averages of 131, 144, and 139 respectively (Table 7). The
number of cysts recovered ranged from 70 to 173 with averages ranging from 101 to
136 (Table 7).
Table 7. Cryptosporidium oocysts and Giardia cysts recovered in Vi=10 L aliquots
of 50 L seeded with 850-900 (3abc) and 650-750 oocysts (3def), and 500-650 cysts.
Aliquot Sample 3a Sample 3b Sample 3c Sample 3d Sample 3e
Sample 3f
No. oocysts cysts oocysts cysts oocysts cysts oocysts cysts oocysts cysts oocysts cysts
1
177 140 110 82 133 101 109
99
132 136 151 156
2
279 173 154 99 214 135 99
104 171 126 129 119
3
193 122 182 120 186 107 155 159 136 121 153 125
4
150 124 209 102 164 102 160 139 147 115
96
120
5
105 123 166 103 156
70 132 120 134 105 168 130
Total
904 682 821 506 853 506 655 621 720 603 696 650

3. 2 Field application data (environmental water samples data)
Cryptosporidium and Giardia concentrations measured as described above by the
locally accepted standard method, similar to USEPA Method 1623, consisting of 2
um pore dia. 293 mm dia flat polycarbonate membrane filtration, followed by IMS
and IFA microscopy as used in Method 1623; Apply negative and positive controls
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to demonstrate lack of contamination and provide for relevant recovery efficiency
measurement.
In three sets of samples collected from Loddon Ck in April, May, and June,
Cryptosporidium and Giardia were found in all but one 10 L sample component. In
the first set of samples, 1a-1e, Table 8, collected in low flow dry weather (turbidity
0.524 NTU), the Cryptosporidium concentration calculated using the recovery
efficiency of 74.1% ranged from 0.5 to 2.4 /L, or as aggregated as a single 50 L
sample 1.7/ L. The Giardia concentration calculated using the recovery efficiency of
79.5% ranged from 1.3 to 3.4/L, or as aggregated as a single 50 L sample, 2.5/ L.
The second sample set, 2a-2e, Table 8 was collected during a rainy period with high
runoff (turbidity 2.85 NTU), the Cryptosporidium concentration calculated using the
recovery efficiency of 62% ranged from <0.16 to 1.3/L, or as aggregated as a single
50 L sample 0.48/L. The Giardia concentration calculated using the recovery
efficiency of 61.9% ranged from <0.16 to 0.3/L, or as aggregated in a single 50 L
sample, 0.16/L. In the third set of samples collected several days following a period
of heavy rain (turbidity 1.85), the Cryptosporidium concentrations calculated using
the recovery efficiency of 68% ranged from 0.09 to 1.9/L or as aggregated as a single
50 L sample, 1.5/L. The Giardia concentration calculated using the recovery
efficiency of 55.9% ranged from 0.4 to 1.3/L or as aggregated as a single 50 L
sample, 1.04/L.
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Table 8 Loddon Ck water sample analysis for Cryptosporidium and Giardia
concentrations

In three sets of samples collected from three stations along Macquarie R. in May,
and June, Cryptosporidium were found in 21 of 37 10 L subsamples and all but one
of 8 aggregate samples. Giardia were found in all but one (36/37) 10 L sample
components, Table 9. Cryptosporidium and Giardia concentrations measured at the
most

upstream

station,

Tongarra

Ck-MR-1,

were

relatively

low

with

Cryptosporidium ranging from < 0.18 to 1.1/L in 10 L subsamples or from <0.12 to
0.37/L as aggregated in 50 L samples. At the middle station on the Macquarie R, MR
2, Cryptosporidium were found in all but 10/12 10 L subsamples with concentrations
ranging from 1.6 to 9.5/L or as aggregated as samples, from 3.0 to 4.1/L. Giardia
were found in all 12 10L subsamples with concentrations ranging from 0.1 to 4.5/L,
or as aggregated as samples from 0.7 to 4.5/L. At the furthest station downstream,
MR 3, Cryptosporidium were found in 6/10 10L subsamples with concentrations
ranging from <1.9 to 5.6/L or as aggregated as 50 L samples, 0.77 to 2.6/L. Giardia
were found in all 10 10L subsamples ranging frm 0.9 to 6.5/L or as aggregated as 50
L samples, 1.1 to 3.9/L.
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Table 9 Macquarie R. stations water analysis for Cryptosporidium and Giardia
concentrations
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In four sets of samples collected from three stations along the Kangaroo R. in May,
June and July, Cryptosporidium were found in 38 of 48 10 L subsamples but in all of
the 10 aggregate samples. Giardia were found in all but 2 (46/48) 10 L sample
components, Table 10. Cryptosporidium and Giardia concentrations measured at the
most upstream station, FC, were relatively high with Cryptosporidium found in all
10L subsamples ranging from 0.6 to 6.1/L in 10 L subsamples or from 1.5 to 3,1/L
as aggregated as 50 L samples. Giardia were also found in all 10 L subsamples
ranging from 1.3 to 9.5/L or from 2.4 to 6,0/L as aggregated as 50 L samples. At the
middle station, KRSR, separated from the upstream station by a very rugged
unfarmed area, Cryptosporidium were found 8/14 10 L subsamples ranging from
<0.3 to 3.3/L or from 0.13 to 1.3/L as aggregated samples. Giardia were found in
12/14 10 L subsamples ranging from <0.22 to 12.6/L or from 0.4 to 7.7/L as
aggregated samples. In the downstream station, KRJR, Cryptosporidium were found
in 16/20 10 L subsamples ranging from 0.3 to 6.3/L or from 0.15 to 3.9/L as
aggregated samples. Giardia were found in all 20 of the 10 L subsamples ranging
from 0.5 to 8.9/L or from 2.8 to 6.1/L as aggregated samples.
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Table 10 Kangaroo R. stations water analysis for Cryptosporidium and Giardia
concentrations
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In sets of samples collected from three stations along the Shoalhaven R. system in
May, and June, Cryptosporidium were found in 29/38 10 L subsamples but in all of
the 10 aggregate samples. Giardia were found in only 16/38 10 L sample
components and also in only 5 of 8 aggregated samples, Table 11. The organism
concentrations found reflect the most complex relation to the river system,
encompassing a major storage reservoir, including sampling from two locations on
different arms of the reservoir, a subsequent downstream storage, and a downstream
location only a few miles above the tidal zone. Overall, Cryptosporidium found in
the 10 L subsamples ranged from < 0.15 to 9.7/L in 10 L subsamples or from 0.5 to
5.2/L as aggregated as 50 L samples. Overall, Giardia concentrations at the
Shoalhaven stations ranged from <0.14 to 8.1/L or from <0.03 to 2.6/L as aggregated
as 50 L samples.
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Table 11 Shoalhaven R. stations water analysis for Cryptosporidium and Giardia
concentrations
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3.2.1

Recovery Efficiency

The recovery efficiencies measured for Cryptosporidium and Giardia covered a wide
range from <10% to >90%, as summarised in Table 12. The recovery efficiency
measured for Cryptosporidium averaged 25.3% (range 2.5% to 90.3%). The recovery
efficiency measured for Giardia averaged 58.4% (range 8.3% to 90.3%). Due to the
significant variation, for 12 of the 22 sample sets analysed recovery measurements
were made in triplicate. Even though recovery measurements ranged to low levels
they generally remained reproducible. Coefficients of variation calculated from all 12
means and standard deviations of each the three replicates for Cryptosporidium
averaged 24% ranging from 2 to 72% and for Giardia averaged 16% ranging from 6
to 37%.
Based on the measured recovery efficiencies, the detection limit for Cryptosporidium
ranged from as low as 0.027 oocysts/L to about 1.0 oocysts/L. For Giardia, the limit
of detection limit ranged from 0.023 to 0.241 cysts/L.
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Table 12 Numbers of Cryptosporidium oocysts and Giardia cysts found by Method 1622/23 filtration-IMS-IFA assay in samples from three sites
on the Macquarie Rivulet, Kangaroo River and Shoalhaven River and one on the Loddon Ck in NSW, Australia. [(U) Upstream, (M) Midstream
and (D) Downstream]).
Locations
Loddon Ck
Loddon Ck
Loddon Ck
Macquarie Rivulet
Site-1 (U)
Site-1
Site-1
Site-2 (M)
Site-2
Site-2
Site-3 (D)
Site-3
Site-3
Kangaroo River
Site-1 (U)
Site-1
Site-1
Site-2 (M)
Site-2
Site-2
Site-3 (D)
Site-3
Site-3
Site-3
Shoalhaven River
Site-1 (U)
Site-1
Site-1
Site-2 (M)
Site-2
Site-2
Site-3 (D)
Site-3
Site-3

Turb.
NTU

Vol.
L

Recovery

Recovery

Positive control

Positive control

D/M/Y

Date

No./vol.

oocysts
Conc/litre

No./vol.

cysts
Conc/litre

Oocysts

cysts

(no./vol.) Oocysts

(no./vol.) cysts

28.4.10
05.5.10
09.6.10

2.85
2.00
1.85

50 L
50 L
50 L

63/50
15/50
50/50

1.70
0.483
1.470

100/50
005/50
029/50

2.51
0.161
1.037

0.741
0.620
0.680

0.795
0.619
0.559

280/10
224/10
226/10

245/10
184/10
202/10

07.5.10
28.5.10
25.6.10
07.5.10
28.5.10
25.6.10
07.5.10
28.5.10
25.6.10

1.30
3.74
1.21
1.72
3.56
1.38
5.52
7.86
1.78

50 L
50 L
50 L
20 L
50 L
50 L
30 L
50 L
50 L

10/50
00/50
01/50
33/20
13/50
05/50
00/30
07/50
02/50

0.369
< 0.11
0.222
3.58
4.126
3.03
< 0.073
2.592
0.769

18/50
45/50
51/50
75/20
25/50
42/50
00/30
64/50
24/50

0.453
1.229
1.72
4.28
0.705
1.516
< 0.038
3.950
1.095

0.542
0.17
0.090
0.46
0.063
0.033
0.458
0.054
0.052

0.793
0.732
0.593
0.875
0.709
0.554
0.874
0.324
0.438

227/10
220/10
211/10
227/10
220/10
211/10
227/10
220/10
211/10

185/10
216/10
155/10
185/10
216/10
155/10
185/10
216/10
155/10

21.5.10
11.6.10
02.7.10
21.5.10
11.6.10
02.7.10
21.5.10
11.6.10
02.7.10
02.6.10

2.23
1.78
1.35
.756
2.17
1.21
1.65
2.58
2.00
3.85

4x8 L
50 L
50 L
4x8 L
50 L
50 L
50 L
50 L
50 L
50L

12/32
18/50
12/50
04/32
21/50
02/50
12/50
01/50
11/50
50/50

2.131
3.130
1.463
0.727
1.277
0.125
0.698
0.154
3.492
3.891

50/32
71/50
117/50
51/32
96/50
09/50
246/50
93/50
86/50
160/50

2.393
3.901
6.031
7.662
3.410
0.396
6.142
2.879
2.788
3.721

0.176
0.115
0.164
0.172
0.329
0.321
0.344
0.130
0.063
0.257

0.653
0.364
0.388
0.208
0.563
0.455
0.801
0.646
0.617
0.860

227/10
201/10
205/10
227/10
201/10
205/10
227/10
201/10
205/10
199/10

211/10
206/10
191/10
211/10
206/10
191/10
211/10
206/10
191/10
186/10

11.5.10
02.6.10
17.6.10
11.5.10
02.6.10
17.6.10
11.5.10
02.6.10
17.6.10

3.80
2.58
35.0
3.10
4.83
10.2
4.00
10.8
8.41

4x8 L
50 L
50 L
50 L
50 L
50 L
4x8 L
50 L
50 L

10/32
01/50
09/50
08/50
00/50
05/50
26/32
34/50
08/50

1.427
0.154
1.395
5.161
< 0.8
0.485
0.9
3.864
1.194

00/32
93/50
00/50
39/50
00/50
04/50
03/32
18/50
02/50

< 0.035
2.879
< 0.241
2.626
< 0.042
0.16
0.116
0.847
0.072

0.219
0.130
0.129
0.031
0.025
0.206
0.903
0.176
0.134

0.903
0.646
0.083
0.297
0.473
0.5
0.810
0.425
0.553

196/10
201/10
209/10
196/10
199/10
209/10
196/10
199/10
209/10

162/10
206/10
206/10
162/10
186/10
206/10
162/10
186/10
206/10
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Table 13 Replicated (3x) measurements of recovery efficiency for Cryptosporidium
and Giardia with means and coefficients of variation.

Avg.

C Rec % C Rec CoV
0.21
23
0.07
14
0.32
19
0.18
12
0.09
11
0.03
40
0.05
30
0.13
30
0.13
72
0.86
2
0.67
13
0.25
24
0.25
24
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G Rec %
0.5
0.71
0.47
0.51
0.66
0.61
0.47
0.43
0.08
0.82
0.67
0.54
0.54

G Rec CoV
34
11
14
6
18
19
14
16
37
6
6
16
16
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3. 3 Exploration of LAMP for detection of Cryptosporidium oocysts and
Giardia cysts in water samples
Following initial LAMP runs to optimize conditions for the SAM-1 and EF1-α
primers typical ladder banding patterns were obtained from amplification of DNA
isolated from two different calves (Lane 1, Calf C1, Lanes 2 and 3, Calf 7056, Lane
4 Cryptosporidium NC, Lanes 5 and 6, Giardia Calf 7080, Lane 7 Giardia NC),
Figure 12
M 1

2

3

4

5

6

7

Figure 12 LAMP amplification of Cryptosporidium DNA by SAM-1 primers at 63 C
for 30 minutes and Giardia DNA by EF1-α primers at 63 C for 60 minutes,
(22.5.11).

The sensitivity of the SAM-1 LAMP was explored by amplification of
Cryptosporidium DNA from two sources, calf C-1 and calf-7056 DNA, both diluted
in alternate logs from 10-1 to 10-10 by LAMP using the SAM-1 primers with reaction
components and amplification conditions as described above. Amplified product was
observed in the resulting gel without reaching an extinction point, Figure 13
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M

1 2 3

4 5

6 7 8 9 10 11 12 13 14

Figure 13 LAMP amplification of Cryptosporidium C-1 and 7054 DNA diluted from
10-1 to 10-10 using SAM-1 primers at 63 C for 30 minutes, Negative controls, Lane 7,
Cryptosporidium reagent blank; Lane 14, Cryptosporidium reagent blank.
The characteristic ladder banding patterns indicating amplified product for both
Cryptosporidium DNA samples were produced at dilutions as low as tested, i.e. 10-10
isolated from approximately 107 oocysts.
The sensitivity of the EF1-α LAMP was explored by amplification of Giardia DNA
from two sources, calf G-1 and calf-7080 DNA, both diluted in alternate logs from
10-1 to 10-10 by LAMP using the EF1-α primers with reaction components and
amplification conditions as described above. Amplified product was observed in the
resulting gel without reaching an extinction point, Figure 14

M 1

2 3

4 5

6

7 8 9 10 11 12 13 14

Figure 14 LAMP amplification of Giardia G-1 and 7080 DNA diluted from 10-1 to
10-10 using EF1-α primers at 63 C for 30 minutes, Negative controls, Lane 7, Giardia
reagent blank; Lane 14, Giardia reagent blank.
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The characteristic ladder banding patterns indicating amplified product for both
Giardia DNA samples were produced at dilutions as low as tested, i.e. 10-10 isolated
from approximately 107 oocysts. These results indicate that the SAM-1 and EF1-α
LAMPs have sufficient sensitivity to amplify DNA from less than a single oocyst or
cyst.
Moving toward the objective of determining ability to use LAMP as the detection
procedure for water samples processed to form particle aggregate pellets requiring a
minimum of further processing, tests were conducted to determine if LAMP could
detect Cryptosporidium DNA and Giardia DNA released from crude pellets
processed only by freeze-thaw cycles to release DNA. Anticipating application of the
procedure to processing real water samples and carrying processing of crude pellets
through amplification an essential feature was to minimize total volume. To
accomplish this pellets were maintained in minimal volume. Accordingly, the first
step in this testing was to determine if Cryptosporidium and Giardia DNA along
with essential reaction components, including reaction buffer, Bst polymerase and
the primer mixtures were sufficiently robust to permit amplification following 10
freeze-thaw

cycles.

Accordingly,

duplicate

sets

of

samples

containing

Cryptosporidium 7056 DNA with reaction components and Giardia 7080 DNA with
reaction components were prepared, one set to be amplified without freeze-thawing,
the other subjected to ten freeze-thaw cycles separately in microfuge tubes,
alternately immersing them in liquid N2 for 30 sec, then thawing for 30 sec in an 80
o

C heat block. Microfuge tubes containing UV-irradiated distilled water were carried

through the entire processing and amplification as negative controls.
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Figure 15 Comparison of LAMP amplification of Cryptosporidium and Giardia
DNA and LAMP reaction components w/ and w/o 10 freeze-thaw cycles with
negative controls.
The next step was to determine ability to amplify DNA released from oocysts and
cysts without extracting and purifying the DNA. This was tested for duplicate pairs
of microfuge tubes, one set containing duplicates of 10 and 100 Cryptosporidium
oocysts, the other pairs containing 10 and 100 Giardia cysts. Also, a positive control
of Cryptosporidium 7056 DNA and one of Giardia 7080 DNA was included along
with reagent blank negative controls for both Cryptosporidium and Giardia. All were
subjected to ten freeze-thaw cycles separately in microfuge tubes, alternately
immersing them in liquid N2 for 30 sec, then thawing for 30 sec in an 80 C heat
block. Following the F-T cycles LAMP reactions were carried out as described
above. Characteristic ladder banding was observed for reactions resulting from the
duplicate samples of Cryptosporidium 7056 oocysts (Lanes 1 and 2) and for the
duplicate samples of Giardia 7080 cysts (Lanes 3 and 4) w/o freeze-thawing, and for
7056 oocysts (Lanes 5 and 6) and 7080 cysts (Lanes 7 and 8) w/ freeze-thawing,
Lanes 9 and 10 were Cryptosporidium and Giardia negative controls respectively.
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Figure 16 Amplification of Cryptosporidium DNA (lanes 1-4) and Giardia DNA
(lanes 5-8) directly from oocysts and cysts by 10 freeze-thaw cycles, with positive
(lanes 9 and 11) and negative (lanes 10 & 12) controls.

Clearly, the LAMP procedures for both Cryptosporidium and Giardia were able to
produce amplified product from DNA contained in the organisms and processed
through the 10 freeze-thaw cycles.
The next step explored using the qualitative gel endpoint determination was to
determine ability of the LAMP procedure to detect (amplify) DNA from one, two,
three, and four oocysts or cysts as would be required of a detection method suitable
for application to water sample analysis. For this test, an adaptation of the drop
counting procedure described above was used to transfer single oocysts to five
replicate microfuge tubes, then two oocysts to another five replicate tubes. Three
and four oocysts were added each to two additional sets of four and three replicate
tubes respectively. Four comparable sets of five replicates of 1 and 2, and four
replicates of 3, and 3 replicates of 4 Giardia cysts were also prepared. Reaction
components were added as described above and amplifications were completed. The
Cryptosporidium oocyst amplifications produced amplified product for 2 of the five
1-oocyst replicates, for 3 of the five 2-oocyst replicates and for each of the 3 and 4
oocyst replicates, Figure 17.
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Figure 17 SAM-1 LAMP amplification of Cryptosporidium DNA from 1 oocyst
(lanes 1-5), 2 oocysts (lanes 6-10), 3 oocysts (lanes 11-14) and 4 oocysts (lanes 1517), C 7056 DNA positive (lane 18), and full reaction component negative control
(lane 19).
The Giardia cyst EF1-α reactions produced amplified product from 3 of 5 single
cysts from 4 of 5 reactions containing 2 cysts and from each of the 4 replicated
reactions each containing 3 and 4 Giardia cysts.
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Figure 18 EF1-α LAMP amplification of Giardia DNA from 1 cyst (lanes 1-5), 2
cysts (lanes 6-10), 3 cysts (lanes11-14), 4 cysts (lanes 15-17), G 7080 DNA positive
control, and full reaction component negative control (lane 19).

Based on the apparent ability of the SAM-1 Cryptosporidium LAMP and the EF1-α
Giardia LAMP to detect as few as single oocysts and cysts in preparations of
minimal volume (25 µL) with organisms subjected to 10 freeze-thaw cycles, an
experiment was conducted to determine the selectivity of the SAM-1 and EF1-α
LAMP procedures for detecting small numbers of oocysts and cysts seeded to actual
pellet formed by filtering and centrifuging naturally occurring particles obtained
from a local surface stream. The water sample was processed as described above
through IMS recovery of Cryptosporidium and/or Giardia. Then portions of the
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IMS-cleaned pellet were then seeded with replicated numbers of oocysts and cysts
ranging from 1 to 4 as described above. Replicates of both organisms included 5 each
of both 1 and 2 organisms, and 4 of 3 and 3 of 4 organisms respectively. The seeded
pellet volumes comprised 10.2 µL of the LAMP reactions, reaction component made
up the total to 25 µL. The seeded pellets containing all manner of naturally occurring
organisms present in the stream were subjected to the 10 freeze-thaw cycles and then
amplified. Similar to results shown in Figure 17 and Figure 18 above, in the pellet
seeded with single oocysts 2 of 5 produced amplified product; 3 of 5 seeded with 2
oocysts produced amplified product; and each of the replicates containing 3 and 4
oocysts resulted in amplified product, Figure 19.
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Figure 19 SAM-1 LAMP amplification of Cryptosporidium DNA from addition of
oocysts to an IMS-cleaned surface water sample: 1 oocyst (lanes 1-5), 2 oocysts
(lanes 6-10), 3 oocysts (lanes 11-14) and 4 oocysts (lanes 15-17), C-7056 DNA
positive control (lane 18), and full reaction component negative control (lane 19).
Results from amplifying pellet seeded with single Giardia cysts 3 of 5 resulted in
amplified product; 3 of 5 seeded with 2 oocysts also resulted in amplified product;
and each of the replicates containing 3 and 4 oocysts resulted in amplified product,
Figure 20.
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Figure 20 EF1-α LAMP amplification of Giardia DNA from addition of cysts to an
IMS-cleaned surface water sample:1 cyst (lanes 1-5), 2 cysts (lanes 6-10), 3 cysts
(lanes 11-14) and 4 cysts (lanes 15-17), G 7080 DNA positive control (lane 18), and
full reaction component negative control (lane 19).
Analysis of the 60 L water sample in 5 x 10 L subsamples for Cryptosporidium and
Giardia by the IMS-based method, with an additional 10 L subsample seeded and
processed to measure recovery efficiency (matrix effect) resulted in finding a single
Cryptosporidium oocyst in 1 of the 5 10 L subsamples and no Giardia cysts in any of
the 50 L, Table 14.
Table 14 Analysis of Cryptosporidium and Giardia by IMS-based procedure for
comparison to detection of Cryptosporidium and Giardia in the pellet by LAMP
Sample
No.

Sampling
Location

1a
1b
1c
1d
1e
1 Total

UoW Ck

Sample Sample
Turbidity Volume
NTU
Litre
0.35
10
10
10
10
10
50

Crypto.
No. In
Sample
0
0
0
1
0
1

Giardia, Crypto. Giardia Crypto Conc. Giardia Conc.
No. In Recovery Recovery
No/ L
No./ L
Sample
%
%
0
30.7
87.0
0.0
<0.11
0
30.7
87.0
0.0
<0.11
0
30.7
87.0
0.0
<0.11
0
30.7
87.0
0.33
<0.11
0
30.7
87.0
0.0
<0.11
0
30.7
87.0
0.07
<0.023

A companion 60 L of water collected from the same location at the same time was
processed identically to the 60 L above in the filtration and centrifuging steps to form
five pellets from five replicate 10 L subsamples. Pellet volumes, approximately 0.1
mL, were transferred to microfuge tubes, subjected to freeze-thaw cycles as
described above, vortexed, then, a 10.2 uL volume of pellet supernatant was
processed with LAMP reaction components for LAMP amplification along with
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relevant positive and negative controls as described above. The reaction products
indicated that Cryptosporidium oocysts were present in each of the five 10 L
subsamples, Figure 21, but that no Giardia cysts were present in any of the five 10 L
subsamples, Figure 22
M 1 2 3 4 5 6 7

Figure 21 Detection of Cryptosporidium DNA by SAM-1 LAMP in pellets of 5 x 10
L subsamples of surface water (lanes 1-5) for comparison to IMS-based analysis,
Table 14. Lane 6, seeded positive control, Lane 7, MilliQ water negative control.

M 1 2 3 4 5 6 7

Figure 22 Detection of Giardia DNA by SAM-1 LAMP in pellets of 5 x 10 L
subsamples of surface water (lanes 1-5) for comparison to IMS-based analysis, Table
14. Lane 6, seeded positive control, Lane 7, MilliQ water negative control.
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3.3.1

The quantitative capabilities of LAMP

The quantitative capabilities of LAMP was determined using real-time quantitative
PCR with a fluorescence endpoint using SYTO13 and absolute endpoint
determination using a Roche LightCycler 480 for temperature control.
3.3.1.1 Monitoring PCR with the SYTO 13 Dye for measuring total DNA quantity
Generated PCR products were detected by measurement of the SYTO 13
fluorescence signal. SYTO 13 intercalates into the double-stranded DNA. In
solution, the unbounded SYTO 13 displays very little fluorescence; however,
fluorescence enhanced upon binding to DNA due to conformational changes.
Therefore, during PCR, the increase in SYTO 13 fluorescence was directly
proportional to the amount of the double-stranded DNA generated.
3.3.1.2 Amplification of Cryptosporidium and Giardia DNA by LAMP
LAMP amplified Cryptosporidium DNA using the SAM-1 gene primers and Giardia
DNA using the EF-α gene primers with fluorescence detection in the LightCycler
480 format (see Figure 23)

Giardia DNA Amplification

Crypto- DNA Amplification

Figure 23 Cryptosporidium and Giardia DNA Amplification vs. Time June 17, 2011.
Roche Light Cycler 480
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3.3.1.3 The sensitivity of the LAMP amplification for Cryptosporidium and
Giardia DNA, by dilution, with fluorescence detection in the LightCycler
480 format
LAMP procedure amplified the serially diluted Cryptosporidium and Giardia DNA
for each dilution from the highest sample DNA concentration of 10-8 to as little as
10-12 (See Figure 24 and Figure 25).

Cryptosporidium (1.00E-8 to 1.00E-12)

Figure 24 Cryptosporidium DNA product (fluorescence) vs. Time June 17, 2011.
Roche Light Cycler 480, LAMP procedure amplified the serially diluted
Cryptosporidium for each dilution from the highest sample DNA concentration of
10-8 to as little as 10-12 (10-8, 10-8.5, 10-9, 10-9.5, 10-10, 10-10.5, 10-11, 10-11.5, 10-12).
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Giardia (1.00E-8 TO 1.00E-12)

Figure 25 Giardia DNA Product (fluorescence) vs. Time June 17, 2011. Roche Light
Cycler 480, LAMP procedure amplified the serially diluted Giardia for each dilution
from the highest sample DNA concentration of 10-8 to as little as 10-12 (10-8, 10-8.5,
10-9, 10-9.5, 10-10, 10-10.5, 10-11, 10-11.5, 10-12).

Cryptosporidium 2nd Derivative Melt Curve Analysis

Giardia 2nd Derivative Melt Curve Analysis

Figure 26 Cryptosporidium and Giardia LAMP product 2nd derivative melt curve
Analysis
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3.3.1.4 The sensitivity of the LAMP amplification for Cryptosporidium and
Giardia DNA, by freeze-thaw cycles, with fluorescence detection in the
LightCycler 480 format
A known numbers of Cryptosporidium and Giardia DNA product (fluorescence)
showing the potential for discriminating between small numbers of organisms (1, 3,
7, 10, 100, 1000 and 10000) as illustrated in Figure 27 and Figure 28

Cryptosporidium (1, 3, 7, 10, 100, 1000 and 10000 organisms)

Figure 27 a known numbers of Cryptosporidium DNA product (fluorescence)
showing the potential for discriminating between small numbers of organisms (1, 3,
7, 10, 100, 1000 and 10000) vs. Time July 17, 2011. Roche Light Cycler 480
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Giardia (1, 3, 7, 10, 100, 1000 and 10000 organisms)

Figure 28 a known numbers of Giardia DNA product (fluorescence) showing the
potential for discriminating between small numbers of organisms (1, 3, 7, 10, 100,
1000 and 10000) vs. Time July 17, 2011. Roche Light Cycler 480

3.3.2

Direct application of the LAMP in surface water sample

A 5 replicate 10 L water samples and positive control showed positive results for the
presence of Cryptosporidium DNA but not Giardia DNA after a complete reaction
time of 60-120 minutes at 63oC in LAMP assays (See Figure 21and Figure 22).
Positive control for Giardia DNA showed positive results for the presence of
Giardia DNA. The LAMP assay amplified the oocysts DNA and only seeded
positive control with cysts, recovered from each 10 L water sample.
One oocyst was detected on the microscope slides by Immunofluroscence
Microscopy (IFA), after monoclonal antibody stained and mounted under a cover
slip for enumeration of target organisms. One of 5 replicate 10 L water samples and
seeded positive control were showed to be positive for Cryptosporidium presence by
an immunofluorescence test, while it did not detect cyst DNA in any of 5 replicate 10
L of water samples, LAMP detect Giardia only in Lane 6 (positive control).
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Chapter 4
4 DISCUSSION
Based on the data provided in chapter 3 and on its evaluation above, discussions
described below is directed to the specific aims of this study, these discussions are
listed below:
4. 1 Counting and manipulating small numbers of oocysts and cysts
The drop counting method for establishing exact numbers of Giardia cysts or
Cryptosporidium oocysts, specifically in the range of 1 to 100 organisms, is practical
and easy to perform by any reasonably well trained microbiological technician.
While droplet to droplet variation occurs as a reflection of the relatively low
concentration in the stock suspension and the small volumes used, it is of no
consequence. The important feature of the method is ability to have at hand a
manipulateable volume containing the exact number of organisms actually counted
by the analyst. In performing this procedure the analyst will find that the heat of the
microscope illuminator will cause the droplets to dry during counting. We have
found that droplets of 5µL are practical to count without being adversely affected as
long as the stock suspension is prepared in the range of approximately 1 to 5
organisms per µl. The analyst having a need for specific numbers of organisms can
quickly adjust the concentration of the stock suspension and droplet volumes to
achieve desired and readily verified numbers of organisms.
A critical application for exact numbers of organisms is in preparation of positive
controls for routine analysis of water samples to determine the concentrations of
Cryptosporidium and Giardia. Confidence in ability to count and manipulate small
numbers of these organisms can be facilitated using this procedure. This in turn will
provide a tool that may find many uses related to quality control when performing
analyses like USEPA Method 1622/1623 that has multiple steps, each with potential
for loss of the target organism.
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4. 2 Define the statistical distribution of Cryptosporidium and Giardia in water
at low concentration
When Cryptosporidium oocysts and Giardia cysts were seeded to particle-free water
at the lowest level, approximately 10 organisms in 50 L, in a proportion of the 10 L
(uiVi = 2.0) aliquots processed no organisms were found (1/9 for Cryptosporidium,
4/9 for Giardia). Using the Chi Square test, α=0.05, the observed analytical results
(Table 5) conform to organism numbers predicted by the Poisson model (Eq. 1,
Table 15). The lowest seeding level used in this work, 10 organisms in 50 L or 0.2
per L, was selected as the minimum practical level at which organism numbers could
be counted and manipulated (transferred quantitatively to test water volumes) and
recovered efficiently by the processing scheme described above. A critical feature of
organism concentrations at this level is the fact that on the average, only one
organism would be present in every 5 L of sample volume.
Table 15 Poisson probability of finding exactly x organisms in water having
concentrations from 0.02 to 10/L
x
0
1
2
3
4
5

uiVi=0.02 uiVi=0.1 uiVi=0.2 uiVi=1.0 uiVi=2.0 uiVi=10
ui= 1/500L ui= 1/100L ui= 1/50L ui= 1/10L ui= 1/5L ui= 1/L
0.9802
0.9048
0.8187
0.3679
0.1353
0.0000
0.0196
0.0905
0.1637
0.3679
0.2707
0.0005
0.0002
0.0045
0.0164
0.1839
0.2707
0.0023
0.0000
0.0002
0.0011
0.0613
0.1804
0.0076
0.0000
0.0000
0.0001
0.0153
0.0902
0.0189
0.0000
0.0000
0.0000
0.0031
0.0361
0.0378
where ui is the average number of organisms per litre of water
and Vi is the volume of sample used, 10 L in this example

In other words, no organisms would be present in 4 out of 5 one L volumes. Also, as
described by the Poisson model, the distribution of discrete objects (organisms such
as Cryptosporidium oocysts and Giardia cysts) is not symmetrical (Figure 29).
Rather, specifically at low concentration, the distribution is skewed toward numbers
lower than the average, resulting in a significant probability of zero. The probability
of aliquots having no organisms increases with decreasing concentration, as
illustrated by graphical representation of Table 15, Figure 29. For example, if the
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concentration of the target organism in the water sampled was truly 1 organism per
100 L, the probability of not including a single organism in a 10 L sample volume
collected at random would be 90.48% (Table 15, column 3, x = 0). Conversely, if an
agency analysing water samples for Cryptosporidium and Giardia finds that no
organisms are found in 90% of its samples, a possible inference would be that the
ambient concentration was in the range of 1 in 100 L (0.01/L, not taking recovery
efficiency into account, for a recovery efficiency of 50% the concentration would be
in the range of 0.02/L or 1 in 50 L).

Figure 29 Predicted Poisson probability (0 to 1) of finding exactly x = 1 to 12
organisms for average concentrations ranging from 0.02 to 10 organisms per L in 10
L samples.

Based on the above reasoning, a logical interpretation of data sets including a
preponderance of analytical results of zero organisms found would be that the
concentration was below the limit of detection. This is emphatically different from
the interpretation that no organisms (e.g. Cryptosporidium or Giardia) were present
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in the water at the sampling location at the time of sampling, implying that these
organisms are present in that water source only intermittently. Comparison of this
interpretation to the analogy of coliform or faecal coliform monitoring of untreated
surface is appropriate. When coliform or faecal coliform analyses show counts of
zero in a sample it is clear that the organisms were present in the source although
none were recoverable in the standard 100 mL sample. Which of the two
interpretations is correct is a critical issue and is in fact testable by collecting and
analysing larger sample volumes. Previous investigations (Ongerth 1989; Hansen
and Ongerth 1991) have produced evidence that concentrations of Cryptosporidium
and Giardia are in fact continuous, despite the limit of detection, rather than
intermittent.
As the average number of organisms per unit volume (concentration) increases the
distribution of organisms in aliquots of a large sample becomes more uniform. This
was illustrated above by the 50 L volumes seeded at higher levels, Table 6 and Table
7 and theoretical Poisson distributions at these levels, Figure 30. Statistical analysis
of 10 L sample results at the higher seeding levels indicates that they are better
represented by the Normal distribution than the Poisson distribution. However,
average concentrations of Cryptosporidium and Giardia in the higher ranges have
not been reported in environmental samples except in wastewater.

Figure 30 predicted Poisson probability (0-1) of finding exactly x organisms for
average concentrations ranging from 10 to 20 and 100 to 200 organisms /L.
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Understanding the likelihood of negative (zero) findings from application of current
monitoring of water supply sources, typically using 10 L samples analysed using
USEPA Method 1623 is of unrecognized significance. Each analysis costs
approximately $450 (Biovir, Benecia CA). The data value of obtaining virtually all
negative analytical results is virtually nil. Such data provide no guidance regarding
watershed/catchment management. No critical conditions or trends in concentration
can be identified. Although water supply and regulatory agencies may feel
comfortable with such results, any sense of security may well be illusory.
The direct cause of negative analytical results is that the limit of detection, dependent
only on the sample volume and recovery efficiency of the analysis in the specific
water, is above the ambient concentration. Since the recovery efficiency is not
readily altered, only processing samples of larger volume can improve data results.
Although doubling the sample volume will likely double the cost of analysis,
producing non-zero results at perhaps half the current sampling frequency would
significantly improve the value of the resulting data.
4.2.1

Sampling sites characteristics

sampling sites on local streams from catchments relevant to local public water
supplies from upstream to downstream were selected to show the effect oocyst and
cyst concentrations by a range of flow rates, seasonal factors including runoff of land
drainage and by increasing catchment area and variety of uses including only
undeveloped forest and agricultural land including pasturage of cattle, sheep, and
horses.
The presence of major oocyst and cyst sources such as dairy farms and wild-animal
populations from upstream to downstream of the catchment area can affect both
organisms concentration. As well seasonal factors, including runoff of land drainage
and human activity can affect their concentration in surface water.
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4. 3 Field application data
4.3.1

Measurement of Cryptosporidium and Giardia concentrations

Data collected in the field sampling provide objective evidence for evaluating critical
issues relevant to describing the presence of Cryptosporidium and Giardia in water.
The literature presents no arguments suggesting that these organisms are unimportant
to public health by potential exposure of the population through drinking water. The
first superficial question pertaining to potential risk is whether or not the organisms
are present. As cited in the Introduction, based on application of current analytical
methods (EPA Method 1623) on a nation-wide scale in the USA and on large-scale
data sets elsewhere, efforts to determine presence by analysis of 10 L samples has
shown that the orgainsims are found in only a small proportion (ca. 5%) of samples.
As noted above these data contribute to serious misinterpretations: 1) absence rather
than present but below the limit of detection; and 2) numbers accurately reflect
concentration.
Examination of the data collected in this work and summarized in Tables 8 through
11 appear to describe a more complete picture of organism presence. By collecting
larger volume samples, i.e. 50 L, while still processing the samples in 10 L units but
aggregating the organism findings, occurrence of Cryptosporidium and Giardia at
levels near the limit of detection was more clearly described. The theoretical and
laboratory demonstration of oocyst and cyst statistical distribution as described
above is critical to understanding the occurrence of target organisms in sample
volumes resulting in infrequent organism findings in routine monitoring. In fact,
examination of the oocyst and cyst findings among the 5 x 10 L sample sets in this
work, Tables 8 through 11, show comparable variation in the distribution of numbers
in subsamples of a homogeneous volume.
It is important to emphasise that although data resulting from application of EPA
Method 1623 to analysis of 10 L samples can easily be misinterpreted, this is not a
criticism of the method itself. In fact, with one outstanding exception the method is
thoroughly sound and is being applied and administered soundly. The exception is
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the application of the “matrix spike” element. This element of the method was
conceived and included not as a quality control component but recognising, from
experience accumulated in refinement of initially more crude method components,
the influence of water quality on analytical results. Clearly, analysis of water samples
from sources having higher turbidity and particularly having higher algae
concentrations adversely affects ability to recover Cryptosporidium and Giardia.
However, as applied and administered under USEPA Drinking Water regulations, the
matrix spike is treated as a quality control element and not as a measure of matrix
(water quality) influence the efficiency with which Cryptosporidium and Giardia can
be recovered from water of specific characteristics.
In the work described here, the influence of matrix was taken into account in every
sampling. As described above, all samples were collected in 60 L volumes, using 5 x
10 L subsamples for concentration measurement and the sixth 10 L volume seeded to
measure the recovery efficiency. Recognising the variability of recovery efficiencies
being measured, for the latter half of the field sampling recovery efficiency
measurements were made in triplicate to establish whether in fact a recovery
efficiency measurement was reproducible. The reproducibility of recovery
measurements, Table 13, strongly supports the need to apply recovery to calculating
true concentration of Cryptosporidium and of Giardia along with analysis of larger
sample volumes to provide non zero results from sample analyses.
4.3.2

Factors affecting Cryptosporidium and Giardia concentrations

The oocyst and cyst concentrations were observed at the location below dairy farms
at any time, when runoff influence was greatest and during the dry period. A direct
animal faecal (wildlife and/or livestock) containing the organisms deposition in
surface waters and indirect deposition via runoff were the sources of these surface
water locations contamination. This implies that cysts and oocysts were present
continuously in the surface waters analysed. This is in agreement with previous
observations (Hansen and Ongerth 1991). Lowest cyst and/or oocyst concentrations
were observed in upland stream sampling locations farthest above commercial
animal concentrations of dairy farms, the upstream regions and those managed by
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Sydney Catchment Authority included smaller populations of domestic animals and
populations of wild-animals.
Cyst and oocyst presence in upstream of the water sampling locations was not
unexpected. However, their presences in downstream sampling location were
expected because there are many dairy cattle and wild animals living immediately
above of the downstream water sampling locations. The upstream sampling location
of Kangaroo River (Under Carrington Falls Road Bridge) is also downstream of
wild-animal populations areas; even though, no previous investigations on Giardia
cyst or Cryptosporidium oocyst infections in those areas. The average concentrations
of oocyst and cyst in Kangaroo River’s upstream location were (2.241) oocysts per
litre and (4.108) cysts per litre, ranged from 1.463 to 3.130 and 2.393 to 6.031,
respectively. The Kangaroo River’s downstream sampling locations (before Under
Jarrett’s Road Bridge (6.9 Km) and Under Jarrett’s Road bridge) are also
downstream of numerous dairy farms areas. The upstream sampling location of
Shoalhaven River (below Tallowa Dam) is also downstream of the Kangaroo River.
The Shoalhaven River’s downstream station near Burrier Road is also downstream of
many dairy farms areas. Furthermore, Fitzroy reservoir water and Bendeela Pondage
are downstream stations of the Kangaroo River below many dairy farms regions.
4. 4 Recovery efficiency under different water quality
Ability to relate variations in recovery efficiency to an indicator parameter has
always been attractive. Turbidity was measured for each set of samples collected in
this work. Potentially useful correlations between turbidity and recovery efficiency
were examined, Figure 31, in the first panel, data from all sampling stations for
measured recovery efficiency was plotted against turbidity measured in each set of
samples.

Clearly, no useful relationship was seen. However, when more

homogeneous stations or groups of stations were examined potentially more useful
correlations were observed. For example, a linear relationship between recovery
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Figure 31 Regressions of recovery efficiency against turbidity for aggregated and
individual sampling stations, with lines of best fit and values of R2
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efficiency and turbidity was observed for samples from Loddon Ck., having R2
values of <0.9 for Cryptosporidium recovery and about 0.6 for Giardia recovery.
When all stations on the same stream were analysed together, only for the Kangaroo
R. stations was a significant relation observed, with a rather unusual positive
correlation of Giardia recovery with increasing turbidity having an R2 value of 0.6.
Based on the observed relationships (or lack of them) between recovery efficiency
and turbidity it appears that conditions and characteristics affecting water quality in
surface water in general are so diverse that it is unlikely that simple predictive
relationships can be found. On the other hand, water quality conditions and
characteristics, related to the watershed tributary to an individual sampling station,
are more likely to be more closely related to factors that determine the ability of an
analytical procedure, e.g. Method 1623 to recover Cryptosporidium and
independently Giardia.
The recovery efficiencies measured for Cryptosporidium and Giardia summarised in
Tables 8 to 11 ranged from < 5% to > 90%. In addition, as described above, with
only few exceptions measured recovery efficiencies bear only general relation to
water quality. A significant question in using monitoring data on Cryptosporidium
and Giardia concerns whether raw numbers of organisms found can be used to give
accurate quantitative inferences, for example, quantitative risk assessment or
modelling distribution and fate. Data from Tables 8 to 11 were examined to assess
this issue. First, raw numbers paired with concentrations calculated from measured
recovery efficiencies were plotted chronologically, Figure 32 and Figure 33. It is
clear from these figures that raw numbers and concentrations vary independently,
reflecting the independent variations in recovery efficiency. The relation between
numbers and concentration was closer for Giardia for which recovery efficiency was
both higher and more consistent.
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Figure 32 Chronological comparison of 31 pairs of Cryptosporidium data expressed
as 1) raw numbers of oocysts per unit sample volume (C/L , blue diamonds) and 2)
true concentration taking recovery efficiency into account, (oocysts/ L, red squares) .

Giardia: No./L & Conc./L
9.00

9

Avg. Giardia Recovery = 58.4%

8.00

8

7.00

7

6.00

6

5.00

5

4.00

4

3.00

3

2.00

2

1.00

1

0.00

G/L
[G]

0
0

5

10

15

20

25

30

35

Figure 33 Chronological comparison of 31 pairs of Giardia data expressed as 1) raw
numbers of cysts per unit sample volume (G/L , blue diamonds) and 2) true
concentration taking recovery efficiency into account, cysts/ L, (red squares)
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Also, the raw numbers and calculated concentrations were examined in terms of their
overall

statistical

distribution.

Log

probability

plots

were

prepared

for

Cryptosporidium, Figure 34 and for Giardia, Figure 35. The distributions show at a
glance the mean (50 percentile) and variability (slope) or standard deviation (value at
84th percentile) of the distributions. For all data in this work, the mean concentrations
of both Cryptosporidium and of Giardia were slightly more than 1 organism/L. The
difference between numbers and concentration was nearly a factor of 10 for
Cryptosporidium for which the recovery efficiency averaged half of that for Giardia.
The degree of variability was similar for both Cryptosporidium and Giardia. This is
likely due to the measurements for both organisms being derived from the same
physical systems. Comparison of concentrations of these organisms to ones from
physical systems, i.e. watersheds, in areas lacking the similarity of ones in this work
would likely have significantly different characteristics of mean and variability.
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Figure 34 Log probability plots of true Cryptosporidium oocyst concentration (solid
triangles) and raw Cryptosporidium oocyst numbers/ L (open triangles) for 31 samples with
recovery efficiencies averaged 25.7%, ranged from 9 to 90%

Figure 35 Log probability plots of true Giardia cyst concentration (solid circles) and raw
Giardia cyst numbers/ L (open circles) for 31 samples with recovery efficiencies averaged
58.4%, ranged from 20.8 to 90.3%
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An interesting feature of the Cryptosporidium and Giardia concentration data can be
seen by comparing the concentration distributions for the 5 x 10 L samples to those
for the 50 L aggregated samples, station by station, Figures 36, 37, 38, and 39.
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Figure 36 Loddon Ck. concentration variations by station, 5 x 10 L vs 1 x 50 L
samples
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Figure 37 Macquarie R. concentration variations by station, 5 x 10 L vs 1 x 50 L
samples
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Figure 38 Kangaroo R. concentration variations by station, 5 x 10 L vs 1 x 50 L
samples
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Figure 39 Shoalhaven R. concentration variations by station, 5 x 10 L vs 1 x 50 L
samples
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In Figure 36, the distributions at Loddon Ck for the 50 L Giardia concentrations was
clearly steeper i.e. more variable than was apparent from the 10 L component
samples.
In Figure 37, the distributions at the downstream MR-3 station for both
Cryptosporidium and Giardia were significantly steeper than was apparent from the
10 L component samples. Careful consideration of this point indicates that the 10 L
component data do not give an accurate picture of concentration at the sampling
point and time. Rather, the variation in concentrations apparent from the five 10 L
components is a reflection of the statistical (Poisson) distribution of discrete objects
at low concentration in a larger volume. Also in Figure 37 is an illustration of a
truncated distribution of concentrations at the upstream MR-1 site where some of the
10 L subsamples had Cryptosporidium concentrations below the limit of detection.
When the 10 L subsample results are combined in the 50 L aggregate concentrations
a more accurate value.
In Figure 38, similar to that shown in Figure 37, the distributions of Cryptosporidium
and Giardia concentrations at the middle site KRSR, and of the Cryptosporidium
concentrations at the downstream KRJR site were steeper, i.e. more variable, in the
50 L than was apparent from the 10 L component samples. The concentration
distributions from the Shoalhaven sampling sites further illustrate the importance of
analysing sufficiently large samples so that concentrations exceed the limit of
detection avoiding the occurrence of truncated data sets and providing the most
accurate picture of concentration variation. This latter feature can be of major
importance to both catchment (watershed) management and to management of water
treatment. In catchments exhibiting relatively high variability, further monitoring can
be directed to understanding conditions contributing to variability and potentially to
mitigating them. At least, seasonal, precipitation, and other conditions contributing to
higher concentration periods can likely be identified giving treatment managers
valuable information on critical conditions for optimisation of treatment.
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The oocyst and cyst concentrations were observed at the location below dairy farms
at any time, when runoff influence was greatest and during the dry period. A direct
animal faecal (wildlife and/or livestock) containing the organisms deposition in
surface waters and indirect deposition via runoff were the sources of these surface
water locations contamination. This implies that cysts and oocysts were present
continuously in the surface waters analysed. This is in agreement with previous
observations (Hansen and Ongerth 1991). Lowest cyst and/or oocyst concentrations
were observed in upland stream sampling locations farthest above commercial
animal concentrations of dairy farms, the upstream regions and those managed by
Sydney Catchment Authority included smaller populations of domestic animals and
populations of wild-animals.
Cyst and oocyst presence in upstream of the water sampling locations was not
unexpected. However, their presences in downstream sampling location were
expected because there are many dairy cattle and wild animals living immediately
above of the downstream water sampling locations. The upstream sampling location
of Kangaroo River (Under Carrington Falls Road Bridge) is also downstream of
wild-animal populations areas; even though, no previous investigations on Giardia
cyst or Cryptosporidium oocyst infections in those areas. The average concentrations
of oocyst and cyst in Kangaroo River’s upstream location were (2.241) oocysts per
litre and (4.108) cysts per litre, ranged from 1.463 to 3.130 and 2.393 to 6.031,
respectively. The Kangaroo River’s downstream sampling locations (before Under
Jarrett’s Road Bridge (6.9 Km) and Under Jarrett’s Road bridge) are also
downstream of numerous dairy farms areas. The upstream sampling location of
Shoalhaven River (below Tallowa Dam) is also downstream of the Kangaroo River.
The Shoalhaven River’s downstream station near Burrier Road is also downstream of
many dairy farms areas. Furthermore, Fitzroy reservoir water and Bendeela Pondage
are downstream stations of the Kangaroo River below many dairy farms regions.
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4. 5 Exploration of the SAM-1 LAMP for Cryptosporidium and the EF1-α
LAMP for Giardia
Preliminary testing showed that previously reported results could be reproduced
showing basic amplification of Cryptosporidium and Giardia DNA using the SAM-1
and EF1-α primer sets respectively, reagent composition and LAMP amplification
conditions, previously published and cited above. The development sequence
described in Chapter 3 including photographic evidence in Figures 12-22
demonstrated the characteristics of the two LAMP assays for detection of DNA
specific to Cryptosporidium and to Giardia. The SAM-1 primers enabled
amplification of Cryptosporidium DNA isolated from two disparate sources: 1)
oocysts purchased from Waterborne Inc, of calf origin and 2) oocysts isolated from a
local NSW dairy calf. Similarly, the EF1-α primers enabled amplification of Giardia
also from the same two disparate sources. The similarity of conditions used to that
published previously and the similarity of characteristic LAMP ladder banding
amplification product was used as positive evidence that the products were of the
target Cryptosporidium and Giardia DNA fragments as had been previously verified
by sequencing (Bakheit et al, 2008; Plutzer and Karanis, 2009)
The initial examination of sensitivity by amplifying log dilutions of known
Cryptosporidium and Giardia DNA, Figures 13 and 14, showed that amplified
product was generated from template diluted significantly below the quantity
equivalent to that of single organisms. This was similar to the degree of sensitivity
observed previously in the work of Bakheit et al and Plutzer working with Karanis
cited above.
The objective of exploring potential for applying LAMP as a detection method
applied to water samples was further pursued. The most attractive possibility would
be to require only filtration and centrifugation of original samples to produce a pellet
that could be assayed for presence, and potentially quantitation, of Cryptosporidium
and Giardia. The first step in assessing detection capabilities was to determine if
target DNA combined with LAMP reaction components was sufficiently robust to
permit amplification. This was demonstrated by results in Figure 15. Then,
significant numbers of target organisms were subjected to freeze-thaw cycles to
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determine accessibility for amplification by the two LAMP procedures, demonstrated
in Figures released from the target organisms by freeze-thawing could be amplified.
This was demonstrated in Figure 16.
The next step in the progression was to examine if DNA released by freeze-thaw
cycles from small numbers of organisms could be detected following LAMP
amplification. The amplifications illustrated by Figures 17 and 18 show that when
numbers of Cryptosporidium oocysts and of Giardia cysts ranging from 1 to 4 were
transferred to reaction tubes with reactants, subjected to freeze-thaw cycles then
processed for LAMP reaction, amplified product resulted from all levels of
organisms used. The exact numbers of organisms in each reaction tube were visually
verified so that each of the five replicates of 1 and 2 oocysts and cysts as well as the
4 and 3 replicates of 3 and 4 organisms respectively contained exactly the number
described. The results shown in Figures 17 and 18 indicating that no amplification
occurred for some of the tubes containing only one or two organisms, both for
Cryptosporidium (Fig. 17) and for Giardia (Fig. 18) is most likely due to the
organisms (oocysts and cysts) that were in the negative tubes having lost their
nuclear contents. This is a likely possibility as the oocyst and cyst populations being
used, C-7056 and G-7080, were originally isolated in October of the previous year
and had been stored unpreserved (though cleaned by Percoll gradient isolation) for
over six months.
The final step in the semi-quantitative, gel endpoint sequence was to examine the
selectivity of the LAMP assays by collecting a local surface water sample, filtering
it, recovering the particles as described above, and centrifuging to produce a pellet.
Before seeding with the same replicates of 1 to 4 oocysts and cysts used in the
previous step, the pellet was processed by the Method 1623 IMS process to recover
Cryptosporidium and Giardia. The IMS-cleaned pellet was then seeded with the
appropriate numbers of organisms, subject to freeze-thaw cycles for release of DNA
from whatever organisms were present, then processed for LAMP amplification. The
resulting amplified product was in every way similar to the previous result, Figures
19 and 20. Amplified product was again produced at each seeding level from 1 to 4
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of both Cryptosporidium and Giardia. The ladder banding patterns continued to be
clear and comparable to those produced in the absence of DNA from other
organisms.
The general applicability of the SAM-1 LAMP for Cryptosporidium and the EF1-α
LAMP for Giardia as a detection procedure in comparison to the Method 1623 steps
of IMS-IFA was then examined by comparing the two procedures directly. Two
companion 60 L samples were collected and analysed as described above. The results
shown in Figures 21 and 22 indicate the potential for achieving at least qualitative
detection of Cryptosporidium and Giardia using the LAMP procedure for detection
preceded by processing as described.
The LAMP was a highly sensitive for detection of Giardia cysts and
Cryptosporidium oocysts seeded in concentrated surface water pellet. In this
investigation, we reported on the first application of quantitative characteristics of
the LAMP procedure for detection of C. parvum, C. meleagridis and C. hominis
based on the amplification of the SAM-1 gene and G. duodenalis Assemblage A and
B based on the amplification of the EF1α gene. The previously described
Cryptosporidium and Giardia LAMP assays for the detection of Cryptosporidium
oocyst and Giardia cyst genes were used in this study to develop a quantitative
LAMP assay which detects a single organism in water sample pellet. The
quantitative LAMP was performed by using previously developed LAMP primers
and applying the quantitative procedures as described above. These studies have
been used similar approaches to detect Cryptosporidium oocysts and Giardia cysts
DNA (Karanis et al. 2007; Bakheit et al. 2008; Plutzer and Karanis 2009). Here,
standards for oocyst or cyst quantification assays consist of DNA extracted from
known numbers of parasite cells, however; in previous studies DNA was a serial
dilution of the target gene (Karanis et al. 2007).
The data presented here clearly demonstrated that the new applied LAMP method is
effective to detect the presence of oocyst and cyst contaminants in water sample.
Moreover, LAMP assays target both organisms’ genomic DNA are able to amplify a
single copy of the gene target resulting in a high detection limit for the assay.
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Amplified DNA from Cryptosporidium and from Giardia can be distinguished by
their melt curves. The ability of the LAMP assay to detect DNA extracted from a
single oocyst or cyst is very useful technique for quantifying total levels of both
organisms and makes an important direct contribution at a relatively low cost for test
the presence of these organisms in water in comparison with the standard methods
currently used for detection of both organisms in water.

PCR is affected by

extraneous DNA, and is troubled by inhibitors in water. The current 1623 USEPA
method based on IMS and IFA for the detection of Cryptosporidium and Giardia in
environmental water is expensive, laborious, time-consuming and often unable to
correct recovery and does not distinguish their specifically. In sequence to avoid
these limitations, Cryptosporidium and Giardia LAMP-based detection methods
were carried out as alternative methods for rapid and quantitative detection of both
organisms in this study.
In this study, a LAMP assay and membrane filtration are used in combination for
improved detection sensitivity of Giardia cysts and Cryptosporidium oocysts for
their monitoring in environmental water using previously developed LAMP primers
(Karanis et al. 2007; Bakheit et al. 2008; Plutzer and Karanis 2009). The LAMP is
unaffected by extraneous DNA, and is not troubled by inhibitors commonly plaguing
PCR monitoring of organisms in water. The method has been applied to detection of
Cryptosporidium (Karanis et al. 2007; Bakheit et al. 2008) and Giardia in water and
wastewater samples (Plutzer and Karanis 2009). Giardia and Cryptosporidium DNA
extracted from the water samples was directly prepared from concentrated pellet of
10.2 µL of environmental water sample. We believe that the molecular methods are
more sensitive measurement of Cryptosporidium oocysts and Giardia cyst
concentration than IMS in environmental water samples. Therefore,

significant

numbers of samples from surface water locations with specific levels of water quality
ranging from low to high turbidity were collected and analysed in duplicate and
stored at -80°C for further use by freeze thaw cycling and then LAMP quantitative
procedures. This work on quantitative Real Time LAMP--Roche Light Cycler 480 to
identify accurate detection and quantification of Cryptosporidium oocysts and
Giardia cysts in water; and more work on this method to provide information on the
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genotypes or species of both organisms in environmental samples are carried on in
our laboratory. In this study, LAMP detected both organisms directly from
concentrated pellet which has various substances and that affected or inhibition of
the PCR reaction. The presence of DNA polymerase inhibitors in water could explain
why the use of LAMP has permitted amplifying Cryptosporidium DNA from water
samples that have previously been reported to be positive for Cryptosporidium
presence by an immunofluorescence test (Karanis et al. 2006; Karanis et al. 2007),
while PCR did not detect DNA in any of them (Karanis et al. 2007) .
The IMS-based Method 1622/1623, which is widely, used for selective concentration
of Giardia cysts and Cryptosporidium oocysts from other particulates of
environmental water samples, it is occasionally require greater time, expensive,
labour-intensive, and effort in processing, and it requires a high degree of analytical
expertise. Moreover, the recovery efficiency of the IMS is low, variable and depends
on the variability of water quality. The procedure specified for monitoring is
typically USEPA Method 1623 (European Commission 1998) based on cartridge
filtration, elution, IMS and IFA microscopy which can not indicate the viability of
the organisms.
Recently, several LAMP-based methods for the detection of Cryptosporidium in
environmental water samples (Karanis et al. 2007) and Giardia in water and
wastewater samples (Plutzer and Karanis 2009) and detection of Cryptosporidium in
faecal samples have been described (Bakheit et al. 2008); these include a
Cryptosporidium species identification based on the HSP LAMP assay which has
been developed to detect infections with C. andersoni, C. muris and C. serpentis, the
SAM-1 assay for detection infections of C. hominis, C. parvum and C. meleagridis
and the gp60 LAMP assay which has been developed to detect infections of C.
parvum (Bakheit et al. 2008).
In this study, we have developed another strategy for Giardia and Cryptosporidium
detection assay which combines a 2 µm pore size, 293 mm diameter polycarbonate
membrane filter for both parasites to recover them from water samples with LAMP
method and detection of Cryptosporidium and Giardia presence by targeting SAM-1
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gene for C. parvum, C. meleagridis and C. hominis detection, and LAMP primer set
targeting the EF1 α gene for G. duodenalis Assemblage A and B detection that have
been used, as described by (Bakheit et al. 2008; Plutzer and Karanis 2009) by use of
LAMP (filtration-LAMP). LAMP detection of Cryptosporidium and Giardia by
available targeting gene is less time-consuming than IMS purification technique.
The general approach that was used in this project for the detection of
Cryptosporidium spp. oocysts and G. duodenalis cysts from 10 L of environmental
surface water was a simple, rapid, economic and less expensive. Further, it is able to
detect low concentrations of target organisms in environmental water samples. The
combination methods of membrane filtration for recovering both organisms from
surface water with LAMP assay are more sensitive (lower limit of detection)
measurement of Cryptosporidium spp. oocysts and G. duodenalis cysts concentration
in environmental water samples. Moreover, they can differentiate Cryptosporidium
spp. oocysts and G. duodenalis cysts that infect humans from species that do not
infect humans. The LAMP assay can differentiate the most common human
pathogenic C. parvum, C. hominis, C. meleagridis and G. duodenalis Assemblages A
and B from species that do not infect humans (Karanis et al. 2007; Bakheit et al.
2008; Plutzer and Karanis 2009), however; The IMS-based Method 1623
concentrates all species of Cryptosporidium and Giardia from other particulates of
water samples, including dead and viable. A SAM-1 gene-based LAMP assay has
been used effectively for simultaneous detection of three Cryptosporidium species:
C. parvum, C. hominis and C. meleagridis. Further, a HSP-70 gene-based LAMP
assay on the amplification of the different Cryptosporidium genes has been used
effectively for the detection and identification of Cryptosporidium species from
various domestic animal hosts (Bakheit et al. 2008). Also, the EF1α gene-based
LAMP has been used successfully for detection of G. duodenalis Assemblage A and
B (Plutzer and Karanis 2009).
Previous studies have shown that molecular techniques (LAMP) have higher
specificity than microscopy for detection of Cryptosporidium oocysts and Giardia
cysts in water samples and they have been developed to provide information on the
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genotypes or species of Giardia and Cryptosporidium (Karanis et al. 2007; Plutzer
and Karanis 2009). Further, LAMP is not affected by the presence of the inhibitors in
the samples (Sotiriadou and Karanis 2008), however; Such inhibitors affect the PCR
sensitivity (Sluter et al. 1997; Jiang et al. 2005; Nichols et al. 2006; Bakheit et al.
2008). In recent study, the difference between the PCR results and the C. parvum
gp60 gene-based LAMP results was largely due to detection of Cryptosporidium
parvum by LAMP in PCR-negative samples (Karanis et al. 2007). The authors are
suggested that the negative PCR results could have been due to the presence of PCR
inhibitors in DNA preparations from environmental water samples. LAMP is highly
sensitive owing to its use of double primers, is unaffected by extraneous DNA, and it
is not troubled by inhibitors commonly plaguing PCR monitoring of organisms in
water.
Current methods-based monitoring of pathogens in environmental water cannot
differentiate the human pathogen Cryptosporidium and Giardia species from species
that do not infect humans or indicate the viability or infectivity of the organisms.
Therefore, the method that can differentiate Cryptosporidium and Giardia species,
determine viable and infective oocysts or cysts in surface water is important to
estimate the risk associated with water consumption, understand the epidemiological
data, and to determine the accuracy of water treatment capabilities for control of the
same parasites. Recently several LAMP-based methods for the detection and
identification of Cryptosporidium species from various domestic animal hosts and
for detection of Giardia duodenalis, Assemblage A and B have been described
(Bakheit et al. 2008; Plutzer and Karanis 2009). In the present study, the reliability of
Cryptosporidium parvum gp60 gene and Giardia duodenalis specific LAMP assay
developed in a previously studies was evaluated for detection of both organisms in
comparison to Cryptosporidium and Giardia detection in a previously established
method 1623 assay. To assess precise reliability, Cryptosporidium and Giardia
detection by LAMP was carried out in concentrated clean pellets of environmental
surface water. And also more work was conducted to define the limit of detection of
LAMP procedure in seeded particle-free Milli-Q water and concentrated clean pellets
(processed by IMS).
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Chapter 5
5 CONCLUSIONS AND RECOMMENDATIONS

Recent reports of different part of the world indicate that parasitic illness is one
significant health aspect associated with the planning and management of the
drinking water resources inside European and other countries. Giardiasis and
cryptosporidiosis are among the most common waterborne diseases worldwide.
Analysis of river water samples from virtually every continent shows that
Cryptosporidium and Giardia should be considered a waterborne organism. The
presence of Cryptosporidium oocysts and Giardia cysts in water can have significant
consequences for public health. As it is shown in the existing reports, the main
problem associated with current methods used for detection Giardia and
Cryptosporidium spp., the concentration of both organisms in water and consistently
below the limit of detection. The procedure specified for monitoring is typically
USEPA Method 1623 (European Commission 1998) based on cartridge filtration,
elution, IMS and IFA microscopy. However, the detection of Cryptosporidium
oocysts and Giardia cysts in water is a complex process and requires special care and
refined techniques for measuring low of parasite concentrations, i.e. < 1 cyst or
oocyst per 10 L sample of water having turbidity < 5 NTU. Moreover, the methods
being applied for detecting Cryptosporidium oocysts and Giardia cysts in water are
not sufficiently specific to discriminate among genotypes and subtypes. Further, as
reported in existing reports, molecular methods such as PCR is more specific than
microscopy, but is limited by the quantity and quality of DNA preparations and the
PCR reaction is often affected by the presence of DNA polymerase inhibitors in
faecal and water samples. Thus, the development of a highly specific and sensitive
system for the detection of both organisms would offer advantages.
Routine methods for detecting and measuring the concentrations of Giardia cysts and
Cryptosporidium oocysts in water have already been developed and tested. The
method used here was applied principally by Ongerth and co workers (Ongerth and
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Stibbs 1987) for detection of Giardia Cysts and Cryptosporidium Oocysts in surface
water. The distinguishing features of the method were (a) A sample size of 60 L; (b)
use of a 2 µm pore size, 293 mm diameter polycarbonate membrane filter for for
particle collection; (c) recovery of cysts and oocysts from the membrane filter by
squeegeeing the filter surface. (d) Organisms were selectively concentrated from
other particulates by IMS, the purification procedure in USEPA Method 1623. (e)
Cyst and oocyst identification by IFA, DAPI and differential interference contrast
(DIC) microscopy; (f) Processing the sample in the lab; (g) Processing of seed
samples for measuring the method recovery efficiency.
Quantification of Cryptosporidium oocysts and Giardia cysts in environmental water
samples is an essential to quantitative applications of data on both organisms. A
LAMP procedure was explored based on isothermal amplification of DNA extracted
from Cryptosporidium oocysts or Giardia cysts facilitated by Bst polymerase. The
DNA of Cryptosporidium oocysts or Giardia cysts was released by freeze thaw
cycling as described above. The LAMP detection limit sensitivity and it’s
applicability in Milli-Q water and concentrated pellets was evaluated in this study.
Comparison of LAMP procedure for detection and membrane filter IMS-IFA method
documented the effectiveness of both methods for at least semi-quantitative detection
of Giardia cysts and Cryptosporidium oocysts in water samples
The results reported here show that the LAMP was able to detect as few as a single
oocyst or cyst, and that DNA of both organisms was detectable in the presence of
unrelated DNA permitting sample processing consisting only of filtration, particle
recovery and centrifugation.
Recovery efficiencies of Giardia cysts and Cryptosporidium oocysts differ with
water type when method 1623 was used. Recoveries efficiencies of spiked Giardia
cysts have gone beyond those of Cryptosporidium oocysts in reagent water and
environmental water samples of different water types. The values were expressed as
mean ± SD. the controls results were compared and there was no significant
difference.
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LAMP Method has potential for generating significantly higher recovery rates than
the conventional methods by eliminating processing steps commonly associated with
inefficient recovery. Method 1623 has the highest recovery rates in 2 µm filtered
Milli-Q water than any other type of water. The study results will be utilized to
determine the greatest technique for the quantification of Cryptosporidium oocysts
and Giardia cysts concentrations in different source of environmental water sample.
Method 1623 was applied to detect Cryptosporidium oocysts and Giardia cysts in 50
L surface water samples deriving from local surface water in or near Wollongong
(NSW, Australia).

Both organisms DNA were extracted directly from seeding

samples in case of LAMP. Results of LAMP for detection and recovery of the same
parasitic organisms were compared to those obtained by IMS as the purification
technique in Methods 1622/23 Figure 21 for Cryptosporidium, Figure 22 for Giardia
and Table 14. This study show that the sensitivity and the applicability of the LAMPbased method for detection the same waterborne parasites in seeding samples is very
higher than that of routine methods for detection both organisms in water. Recovery
efficiencies of Percoll-sucrose density gradient purification for cysts and oocysts,
were less than recovery efficiencies of the same method using IMS, in contrast to the
recovery rates of the same waterborne parasitic organisms were very high by using
LAMP than those purification techniques in seeding samples. This outcome is likely
because of inefficient recovery of the percoll. The LAMP reaction is a method that
detection of Cryptosporidium oocysts and Giardia cysts with reproducibly, rapidity,
efficiency and high specificity under different conditions, but more expensive
technique compared to the method 1623. On the basis of these results, the
performances of the LAMP and membrane filter method with IMS purification
technique were evaluated on the basis of their sensitivities and applicability for
recovering both waterborne organisms from spiked water samples. Membrane
filtration method with two purification techniques is unable to differentiate between
different isolates of the same organisms genotypes. The membrane filtration method
was cheaper; however, its disadvantage was lack of confirmation of presumptive
Giardia cysts and Cryptosporidium oocysts, leaving the potential for false-positive
Giardia and Cryptosporidium counts when cross-reacting algae are there in water
samples. Further, publications on the presence, detection and enumeration of
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Cryptosporidium oocysts and Giardia cysts in different source of environmental
water sample shown that these methods are time-consuming, low recovery efficiency
and they are unable to obtain accurate result for their recovery and

unable to

determine the genus, species, and genotype of the parasite. This is essential to
distinguish between different isolates of the C. parvum human genotype from those
that do not infect humans, and to follow the source of parasite contamination. The
LAMP is a useful diagnostic method for detecting Cryptosporidium oocysts and/or
Giardia cysts in surface water in which their presence are characteristically low and
likely below the detection limit of the method 1623. Further, it proposes a more
sensitive and specific detection method for monitoring parasitic organisms in water
samples. This study indicated that the LAMP method was a promising tool for the
detection of single oo/cysts form environmental water samples.
The efficiencies of oocyst or cyst recovery of the present methods (e.g. 1622/23) are
highly variable and therefore, can result in misleading data. The possible reasons for
this is that, these methods have several steps each of which is associated with loss of
target parasites, resulting in low recovery efficiencies. These methods remain
difficult, costly, time-consuming, and they often were unable to detect low
concentrations of target organisms in environmental water samples. Concentrations
of the protozoan parasite in water and food samples under or near the expected limit
of detection is becoming a major problem associated with current methods. Exact
quantitative measurement of these parasite concentrations in surface water is
important to measure the risk associated with water consumption, understand the
epidemiological data, and to determine the accuracy of water treatment capabilities
for control of the same parasites. Due to the lack of reliably effective, efficient, and
highly variable in recovery efficiency of existing enumeration methods, LAMP
technique was used for routine quantitative measurement of Cryptosporidium oocysts
and Giardia cyst concentrations in relatively high quality (low turbidity) surface
water. In this study, a low spiking dose at concentrations of 1 cyst or oocyst to
imitate natural contaminated water conditions was used to estimate the sensitivity
and the applicability of the method for finding and distinguishing them from the
other naturally occurring particles in water samples and therefore, a low spiking dose
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is required to attain the limit of detection. The results of this study demonstrated that
the rapid evolution of LAMP technique was highly efficient for the detection low
concentrations of Giardia cysts and Cryptosporidium oocysts in seeding water
samples. The LAMP procedure has a high (oo) cyst-recovery efficiency when
applied to Milli-Q water seeded with a single organism. A complete processing time
of only 1 to 2 h for LAMP reaction, represents an advantage as compared with the 16
h required for the method being compared. The most serious disadvantages of this
method were that the LAMP is costly, while traditional methods are either complex
or time consuming. The main advantage of this method is economic and less
expensive than molecular methods. Furthermore, the LAMP method can be applied
as a tool for detecting individual cyst, oocyst and other pathogens in the
environmental samples.
5. 1 Recommendations concerning future research directions
Current methods of concentration measurement (e.g. 1622/23) performance as
described above are not satisfactory and therefore, can result in misleading data.
Recommendations are made on the basis of the experience gained, including the
contribution of expert experience in applying this method during the duration of this
study. The two principal recommendations are 1) that sample volumes to be analysed
for Cryptosporidium and Giardia be selected so that a majority (eg. >70-80%) of
analytical results are not below the limit of detection; and 2) the recovery efficiency
must be measured for each water sample of unique characteristics and used to
calculate concentrations from the numbers of target organisms identified. These
recommendations may provide Knowledge on details which play a crucial role to
improve their performance. Use of relatively recent origin of cysts and oocysts is
essential to exact measurement of recovery efficiency. Recovery efficiencies were
low when old organisms were used because of the increase in the oocysts or cysts
fragility with age.
Further work should be pursued to define the capability of Quantitative Real Time
LAMP--Roche Light Cycler 480 to accuratelyquantify Cryptosporidium oocysts and
Giardia cysts at levels of 1 to 10 organisms recovered from in water. Additional
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work on this method should also be able to provide information on the genotypes or
species of Giardia and Cryptosporidium in environmental samples.

166

References

REFERENCES

Abe, N., M. Matsubayashi, et al. (2006). "Subgenotype analysis of Cryptosporidium
parvum isolates from humans and animals in Japan using the 60-kDa glycoprotein
gene sequences. ." Parasitol. Res. 99: 303-305.
Adam, R. D. (2001). "Biology of Giardia lamblia " Clin Microbiol Rev 14: 447–475.
Adl S. M. et al (2005). The new higher level classification of eukaryotes with
emphasis on the taxonomy of protists. J. Eukaryot. Microbiol. 52, 399–-451.
Al- Braiken FA, Amin A, et al. (2003). "Detection of Cryptosporidium amongst
diarrhoeic and asymptomatic children in Jeddah, Saudi ARABIA. ." Ann Trop Med
Parasitol 97: 505-510.
Aldom, J. E. and A. H. Chagla. (1995). "Recovery of Cryptosporidium oocysts from
water by a membrane filter dissolution method." Lett. Appl. Microbiol 20: 186–187
Alhassan, A., O. M. M. Thekisoe, et al. (2007). "Development of loop-mediated
isothermal amplification (LAMP) method for diagnosis of equine piroplasmosis."
Veterinary Parasitology 143(2): 155-160.
Ali, M., K. Ghenghesh, et al. (2005). "Etiology of childhood diarrhea in Zliten,
Libya." Saudi Med J 26(11): 1759-1765.
Alves, M., L. Xiao, et al. (2006). "Distribution of Cryptosporidium subtypes in
humans and domestic and wild ruminants in Portugal." Parasitol Res 99(3): 287-292.
Alves, M., L. Xiao, et al. (2003). "Subgenotype Analysis of Cryptosporidium Isolates
from Humans, Cattle, and Zoo Ruminants in Portugal." J. Clin. Microbiol. 41(6):
2744-2747.
Amar, C. F. L., P. H. Dear, et al. (2004). "Detection and identification by real time
PCR/RFLP analysis of Cryptosporidium species from human feces. ." Lett. Appl.
Microbiol. 38: 217–222.
American Society for Testing and Materials (1991). Proposed test method for
Giardia cysts and Cryptosporidium oocysts in low-turbidity water by a fluorescent
antibody procedure. Annual book of ASTM standards 11.01. Philadelphia, American
Society for Testing and Materials: 925-935.
Angus, K. W. (1983). "Cryptosporidiosis in man, domestic animals and birds: a
review." J R Soc Med. 76(62–70.): 62–70. .

167

References

Anonymous (1982). "Cryptosporidiosis: an assessment of chemotherapy of males
with acquired immune deficiency syndrome (AIDS). Morbidity and Mortality
Weekly Report " 31: 589-592.
Anonymous (1990). Isolation and identification of Giardia cysts and
Cryptosporidium oocysts and free living pathogenic amoeba in water etc. Methods
for the Examination of Waters and Associated Materials, HMSO, London (1990)
1930 pp. .
Australian Department of Health and Aged Care (2006). National Notifiable
Diseases Surveillance System. Available at: http://www1.health.gov.au/cda/
Source/CDA-index.cfm. Accessed October 10, 2006.
Bakheit, M. A., D. Torra, et al. (2008). "Sensitive and specific detection of
Cryptosporidium species in PCR-negative samples by loop-mediated isothermal
DNA amplification and confirmation of generated LAMP products by sequencing."
Veterinary Parasitology 158(1-2): 11-22.
Barwick, R. S., D. A. Levy, et al. (2000). "Surveillance for waterborne-disease
outbreaks-United States, 1997–1998. ." MMWR 49: 1–21.
Baxby D. and Hart CA. (1986). "The incidence of cryptosporidiosis: a two-year
prospective survey in a children's hospital. J Hyg (Lond),96:107-11.".
Blanchard, R. (1888). "Remarques sur le megastome intestinal. ." Bull. Soc. Zool. Fr.
13: 18.
Bogaerts J., Lepage P., et al. (1984). " Cryptosporidium spp., a frequent cause of
diarrhea in central Africa. J Clin Microbiol, 20:874-6.".
Brugerolle, G. and J. J. Lee (2000). Order Oxymonadida. In: Lee, J.J., Leedale, G.F.,
Bradbury, P. (Eds.) An Illustrated Guide to the Protozoa, second ed., vol. 2. Society
of Protozoologists and Allen Press Inc., Lawrence, Kansas, pp. 1186–1195.
Bukhari, Z., R. M. McCuin, et al. (1998). "Immunomagnetic Separation of
Cryptosporidium parvum from Source Water Samples of Various Turbidities." Appl.
Environ. Microbiol. 64(11): 4495-4499.
Bukhari, Z. and H. V. Smith (1995). "Effect of three concentration techniques on
viability of Cryptosporidium parvum oocysts recovered from bovine feces." J. Clin.
Microbiol. 33: 2592–2595.
Casemore, D., R. Sands, et al. (1985). "Cryptosporidium species a "new" human
pathogen." J Clin Pathol 38: 1321-1336.
Casemore, D. P. (1990). "Epidemiological aspects of human cryptosporidiosis."
Epidemiology and infection 104(1): 1-28.

168

References

Casemore DP, J. B. (1983). "Sporadic cryptosporidiosis in children." (Letter). Lancet
2: 679.
Casemore DP. (1988). "Human cryptosporidiosis. In: Reeves D, Geddes A, eds.
Recent advances in infection. No. 3. Edinburgh, Scotland: Churchill Livingstone,
209-36.".
Casemore DP. (1992). "Cryptosporidium: detection and control. J Inst Sterile Serv
Manage;3:14-17.".
Castro-Hermida, J. A., I. García-Presedo, et al. (2008). "Presence of
Cryptosporidium spp. and Giardia duodenalis through drinking water." Science of
The Total Environment 405(1-3): 45-53.
Cavalier- smith, T. (1993). " Kingdom protozoa and its 18 phyla " Microbiol. Rev.
57: 953–994.
Cavalier-Smith, T. (1988). "A revised six-kingdom system of life. ." Biol. Rev.
Camb. Philos. Soc. 73: 203–266.
Cavalier-Smith, T. (1989). The kingdom Chromista, p. 379-405. In J. C. Green, B. S.
C. Leadbeater, and W. C. Diver (ed.), The chromophyte algae: problems and
perspectives. Clarendon Press, Oxford.
Cavalier-Smith, T. (1998). "A revised six-kingdom system of life." Biol. Rev. Camb.
Philos. Soc. 73: 203-266.
Cavalier-Smith, T. (2002). "The phagotrophic origin of eukaryotes and phylogenetic
classification of Protozoa." Intern. J. Systematic Evol. Microbiol. 52: 297-354
Cavalier-Smith, T. (2003). "The excavate protozoan phyla Metamonada Grasse
emend. (Anaeromonadea, Parabasalia, Carpediemonas, Eopharyngia) and Loukozoa
emend. (Jakobea, Malawimonas): their evolutionary affinities and new higher taxa."
Int J Syst Evol Microbiol 53(6): 1741-1758.
Centers for Disease Control (1984). Cryptosporidiosis among children attending
daycare centers. , Morbid. Mortal. Weekly Rep. 33: 599-601.
Centers for Disease Control and Prevention (2009). http://www.cdc.gov/crypto/.
Chacin-Bonilla, L., M. Mejia De Young, et al. (1993). "Cryptosporidium infections
in a suburban community in Maracaibo, Venezuela, Am. ." J. Trop. Med. Hyg: 49,
63.
Chen, X.-M., J. S. Keithly, et al. (2002). "Cryptosporidiosis." New England Journal
of Medicine 346(22): 1723-1731.

169

References

Christobel, F., D. Dan, et al. (2006). "Meeting Report: Application of Genotyping
Methods to Assess Risks from Cryptosporidium in Watersheds." Environmental
Health Perspectives 114(3): 430.
Clancy, J. L., W. D. Gollnitz, et al. (1994). "Commercial laboratories: how accurate
are they?" Journal of American Water Works Association 86: 89-97.
Cody, M. M., H. M. Sottnek, et al. (1994). "Recovery of Giardia lamblia Cysts From
Chairs and Tables in Child Day-Care Centers." Pediatrics 94(6): 1006-1008.
Colburn, J. S. (1989). Thames utilities experience with Cryptosporidium, p. 275–286.
In Proceedings of the American Water Works Association Water Quality
Conference, Philadelphia, Pa., Nov. 212–216. American Public Health Association,
Washington, D.C.
Communicable Disease Control Branch (2007). Cryptosporidium infections in South
Australia. Government of South Australia-Department of Health.
Corbett-Feeney, G. (1987). "Cryptosporidium among children with acute diarrhoea
in the west of Ireland." Journal of Infection 14(1): 79-84.
Corliss, J. O. (1981). "What are the taxonomic and evolutionary relationships of the
protozoa to the protista?" Biosystems 14(3-4): 445-459.
Corliss, J. O. (1984). "The kingdom PROTISTA and its 45 phyla." Biosystems 17(2):
87-126.
Cox P, Hawkins P, et al. (2003). The risk of Cryptosporidium to Sydney’s drinking
water supply. In: Cryptosporidium: From Molecules to Disease (Thompson RCA,
Armson A, Ryan UM, eds). Amsterdam:Elsevier Science, 325–340.
Craun, G. F., S. A. Hubbs, et al. (1998). "Waterborne outbreaks of cryptosporidiosis.
." J. Am. Water Works. Assoc. 90: 81–91.
Crawford, F. G. and S. H. Vermund (1988). "Human cryptosporidiosis." Critical
reviews in microbiology 16(2): 113.
Cruickshank, R., L. Ashdown, et al. (1988). "Human Cryptosporidiosis in North
Queensland " Internal Medicine Journal 18(4): 582-586.
Cryptosporidiosis in England and Wales: (1990). "prevalence and clinical and
epidemiological features. Public Health Laboratory Service Study Group.
BMJ;300:774-7.".
Cryptosporidium in water supplies: (1990). report of the group of experts. Chairman,
Sir John Badenoch. London, England: HMSO.
CSIRO (2007). Climate Change in the Southern Rivers Catchment, New South
Wales Government.
170

References

Current, W. L., and T. B. Haynes. (1983). "Human cryptosporidiosis in
immunodeficient persons. ." N. Engl. J. Med. 308: 1252- 1257.
CurrentW, G. (1991). "Cryptosporidiosis. Clin MicrobiolRev. 4:328–358.".
D'Antonio, R. G., R. E. Winn, et al. (1985). " A waterborne outbreak of
cryptosporidiosis in normal hosts. ." Ann. Intern. Med. 103: 886-888.
Das, P., P. D. Sengupta, et al. (1993). "Significance of Cryptosporidium as an
aetiologic agent of acute diarrhea in children in Calcutta: a hospital based study."
Am. J. Trop. Med. Hyg 96: 124.
David P. Casemore, S.E. Wright, et al. (1997). Cryptosporidiosis-Human and Animal
Epidemiology, CRC Press, Inc.: 66-84.
Deere, D. A. and A. D. Davison (1998). "Safe drinking water. Are food guidelines
the answer? Water, November/December: ." 21–24.
DiGiorgio, C. L., D. A. Gonzalez, et al. (2002). "Cryptosporidium and Giardia
Recoveries in Natural Waters by Using Environmental Protection Agency Method
1623." Appl. Environ. Microbiol. 68(12): 5952-5955.
Dobell, C. (1920). "The discovery of the intestinal protozoa of man." Proc. R. Soc.
Med. 13: 1–15.
Dufour, A. P., M. Feige, et al. (1999). "Criteria for Evaluation of Proposed Protozoan
Detection Methods. EPA 815-K-99-02." United States Environmental Protection
Agency, Office of Research and Development, : Cincinnati, p. 45268.
Escobedo, A. A. and S. Cimerman (2007). "Giardiasis: a pharmacotherapy review."
Expert Opinion on Pharmacotherapy 8(12): 1885-1902.
European Commission (1998). "European Commisssion: Council Directive 98/83/EC
of 3 November, 1998 ".
Fayer, R., U. Morgan, et al. (2000). "Epidemiology of Cryptosporidium:
transmission, detection and identification." International Journal for Parasitology
30(12-13): 1305-1322.
Fayer, R., C. Spear, et al. (1997). General biology of Cryptosporidium and
cryptosporidiosis. In: Fayer R (ed) Cryptosporidium and cryptosporidiosis. CRC,
Boca Raton, pp 1-49.
Fayer, R., J. M. Trout, et al. (2000b). "Prevalence of Cryptosporidium, Giardia and
Eimeria infections in post-weaned and adult cattle on three Maryland farms."
Veterinary Parasitology 93(2): 103-112.
Fayer R. and Ungar BL. (1986). "Cryptosporidium spp. and cryptosporidiosis.
Microbiol Rev;50:458-83.".
171

References

Federal Register (2003). Proposed Rules. 68 (145) 47655. Monday, August 11, 2003.
Ferguson, C., D. Deere, et al. (2006). "Meeting Report: Application of Genotyping
Methods to Assess Risks from Cryptosporidium in Watersheds." Environ Health
Perspect 114(3): 430–434.
Franco, R. M. B., R. Rocha-ebeehrdt, et al. (2001). Occurrence of Cryptosporidium
oocysts and Giardia cysts in raw water from the Atibaia river, Campinas, Brazil.
Rev. Inst. Med. trop. S. Paulo [online], vol.43, n.42, pp. 109-111. ISSN 0036-4665.
Francy, D. S., O. D. Simmons, et al. (2004). "Effects of Seeding Procedures and
Water Quality on Recovery of Cryptosporidium Oocysts from Stream Water by
Using U.S. Environmental Protection Agency Method 1623." APPLIED AND
ENVIRONMENTAL MICROBIOLOGY 70(7): 4118– 4128.
Fricker, C. R. (1995). Detection of Cryptosporidium and Giardia in water, p. 91–97.
In W. B. Betts, D. Casemore, C. R. Fricker, H. V. Smith, and J. Watkins (ed.),
Protozoan parasites and water. The Royal Society of Chemistry, Cambridge,
England.
Gabriele, H. M., A. L. Ager Jr., et al. (1998). "Occurrence of Cryptosporidium
oocysts and Giardia cysts in water supplies of San Pedro Sula, Honduras. Rev
Panam Salud Publica [online]. 1998, vol.4, n.6 ISSN ".
Galbright, N. S. (1989). "Cryptosporidiosis, another source? ." Br. Med. J. 298: 276277.
Garber, L. P., M. D. Salman, et al. (1994). "Potential risk factors for
Cryptosporidium infection in dairy calves." JAVMA 205, 286–291.
Gomme, G., H. L. Hansen, et al. (1987). "The epidemiology of cryptosporidiosis and
other intestinal parasitoses in children in southern Guinea-Bissau." Transactions of
the Royal Society of Tropical Medicine and Hygiene 81(5): 860.
Grab, J. D., J. Lonsdale-Eccle, et al. (2005). "LAMP for tadpoles " Nat. Methods 2:
635.
Graczyk, T. R., M. R. Cranfield, et al. (1997). "Recovery of waterborne oocysts of
Cryptosporidium from water samples by the membrane-filter dissolution method."
Parasitol. Res 83: 121–125.
Grundlingh, M. and CME de Wet (2004). "The search for Cryptosporidium oocysts
and Giardia cysts in source water used for purification." Water SA 30(5): 33-36.
Guy, R. A., P. Payment, et al. (2003). "Real-Time PCR for Quantification of Giardia
and Cryptosporidium in Environmental Water Samples and Sewage." APPLIED
AND ENVIRONMENTAL MICROBIOLOGY 69(9): 5178–5185.

172

References

Haas, C. N. and J. B. Rose (1996). "Distribution of Cryptosporidium oocysts in a
water supply." Water Research 30(10): 2251-2254.
Hallier-Soulier, S. and E. Guillot (2000). "Detection of cryptosporidia and
Cryptosporidium parvum oocysts in environmental water samples by
immunomagnetic separation-polymerase chain reaction. ." J. Appl. Microbiol. 89: 5–
10.
Hansen, A. and T. Stenstrom (1998). Kartlaggning av Giardia och Cryptosporidium i
svenska ytvattentakter. [Mapping of Giardia and Cryptosporidium in Swedish water
courses.] Report, Smittskyddsinstitutetoch livsmedelsverket.ISBN 1400-3473.
Stockholm, Sweden.
Hansen, J. S. and J. E. Ongerth (1991). "Effects of time and watershed characteristics
on the concentration of Cryptosporidium oocysts in river water." Appl. Environ.
Microbiol. 57(10): 2790-2795.
Hart C. A., Baxby D., et al. (1984). "Gastro-enteritis due to Cryptosporidium: a
prospective survey in a children's hospital." J Infect 9: 264-270.
Hart, C. A. and D. Baxby (1986). "The incidence of cryptosporidiosis: a two-year
prospective survey in a children's hospital." Journal of hygiene 96(1): 107 - 111.
Harvey, R. A., Pamela C. Champe, et al. (2007). Lippincott’s Illustrated Reviews:
Microbiology. 2nd ed. Philadelphia: Lippincott Williams & Wilkins, 367, 388
Hashimotoa, A., H. Sugimoto, et al. (2006). "Genotyping of single Cryptosporidium
oocysts in sewage by semi-nested PCR and direct sequencing." Water Research. 40:
2527 – 2532.
Hausler, W. J., W. E. Davis, et al. (1984). "Development and testing of a filter
system for isolation." Appl. Environ. Microbiol 47(6): 1246-1347.
Hojlyng N., Molbak K., et al. (1986). "Cryptosporidium spp., a frequent cause of
diarrhea in Liberian children. J Clin Microbiol;23:1109-13.".
Holly, H. P. and C. Dover (1986). "Cryptosporidium: a common cause of parasitic
diarrhea in otherwise healthy individuals. ." J. Infect. Dis. 153: 365-368.
Holmes, S. J., A. L. Morrow, et al. (1996). "Child-Care Practices: Effects of Social
Change on the Epidemiology of Infectious Diseases and Antibiotic Resistance."
Epidemiologic Reviews 18(1): 10-28.
Hsu, B.-M. and C. Huang (2000). "Recovery of Giardia and Cryptosporidium from
Water by Various Concentration, Elution, and Purification Techniques." J Environ
Qual 29(5): 1587-1593.

173

References

Hsu, B., C. Huang, et al. (2002). "Examination of Giardia and Cryptosporidium in
water samples and fecal specimens in Taiwan. ." Ann Rept NIEA Taiwan ROC 9:
313-320.
Hu, W., S. Tong, et al. (2007). "Weather Variability and the Incidence of
Cryptosporidiosis: Comparison of Time Series Poisson Regression and SARIMA
Models." Annals of Epidemiology 17(9): 679-688.
Hunt, D. A., R. Shannon, et al. (1984). " Cryptosporidiosis in an urban community. ."
Br. Med. J. 289: 814-816.
Hunter, P. R. and R. C. A. Thompson (2005). "The zoonotic transmission of Giardia
and Cryptosporidium." International Journal for Parasitology 35(11-12): 1181-1190.
Hutton, P. and J. Ongerth (1993). "Cryptosporidium in water." New South Wales
Public Health Bulletin 4(8): 87-87.
Ikadai, H., H. Tanaka, et al. (2004). "Molecular evidence of infections with Babesia
gibsoni parasites in Japan and evaluation of the diagnostic potential of a loopmediated isothermal amplification method. ." J. Clin. Microbiol. 42: 2465- 2469.
Iqbal J, Hira PR, et al. (2001). "cryptosporidiosis in Kuwaiti children: seasonality
and endemicity. ." Clin Microbiol Infect 7: 261-266.
Isaac-Renton, J. L., C. P. J. Fund, et al. (1986). "Evaluation of a tangential-flow
multiple-filter technique detection of Giardia lamblia cysts in water " Appl. Environ.
Microbiol 52(2): 400-402.
Isaac-Renton, J. L., W. Moorehead, et al. (1996). "Longitudinal studies of Giardia
contamination in two community drinking water supplies: cyst levels, parasite
viability, and health impact. ." Appl. Environ. Microbiol. 62: 47–54.

Januschka, M. M., S. L. Erlandsen, et al. (1988). "A comparison of Giardia microti
and Spironucleus muris cysts in the vole: an immunocytochemical, light, and
electron microscopic study." J. Parasitol 74: 452–458.
Jiang, J., K. A. Alderisio, et al. (2005). "Development of Procedures for Direct
Extraction of Cryptosporidium DNA from Water Concentrates and for Relief of PCR
Inhibitors." Appl. Environ. Microbiol. 71(3): 1135-1141.
Johnston, J. and R. B. Gasser. (1993). "Copro-parasitological survey of dogs in
southern Victoria. Aust. ." Vet. Pract. 23: 127–131.
Jokipii, L. S., S. Pohjola, et al. (1983). "Cryptosporidium: a frequent finding in
patients with gastrointestinal symptoms. ." Lancet ii: 358-361.

174

References

Karanis, P., C. Kourenti, et al. (2006). "Water borne transmission of protozoan
parasites: a review of world-wide outbreaks and lessons we learnt. ." J Water Health
5: 1-38.
Karanis, P., I. Sotiriadou, et al. (2006). "Investigations on Giardia and
Cryptosporidium in drinking water supplies of Rostov region (Southern Russia) and
Sofia (Bulgaria). ." Environ Res 102: 475-481.
Karanis, P. and C. Kourenti (2004). Waterborne transmission of protozoan parasites:
a review of world-wide outbreaks In: Fourth International Giardia Conference and
First Combined Giardia- Cryptosporidium Meeting, 20–24 September 2004.
Amsterdam, The Netherlands.
Karanis, P. and J. Ongerth (2008). LAMP--an emerging technology for the detection
of water- and food-borne protozoan parasites. Submitted to Trends in Parasitology,
February 2008.(Submitted).
Karanis, P. and J. Ongerth (2009). "LAMP-a powerful and flexible tool for
monitoring microbial pathogens." Trends Parasitol 25(11): 498-499.
Karanis, P., O. Thekisoe, et al. (2007). "Development and preliminary evaluation of
loop-mediated isothermal amplification (LAMP) for sensitive detection of
Cryptosporidium oocysts in faecal and water samples." Appl. Environ. Microbiol.:
AEM.01152-01107.
Kofoid, C. A. and E. D. Christensen (1920). "A critical review of the nomenclature
of human intestinal flagellates. ." Univ. Calif. Publ. Zool. 20: 160.
Kuboki, N., N. Inoue, et al. (2003). "Loop-Mediated Isothermal Amplification for
Detection of African Trypanosomes." J. Clin. Microbiol. 41(12): 5517-5524.
Kuhn, R. C. and K. H. Oshima (2002). "Hollow-fiber ultrafiltration of
Cryptosporidium parvum oocysts from a wide variety of 10-L surface water
samples." Canadian Journal of Microbiology 48(6): 542.
Kuhn, R. C., C. M. Rock, et al. (2002). "Effects of pH and magnetic material on
immunomagnetic separation of Cryptosporidium oocysts from concentrated water
samples. ." Appl. Environ. Microbiol. 68: 2066- 2070.
Lambl, W. (1859). "Mikroskopische untersuchungen der Darmexcrete. ."
Vierteljahrsschr. Prakst. Heikunde 61:61–58.
Lavine, N. D. (1973). "Protozoon parasites of domestic animals and man, ." 2nd ed.,
p. 229-320. Burgess Publishing Co., Minneapolis.
LeChevallier, M. W., G. D. Di Giovanni, et al. (2003). "Comparison of Method 1623
and Cell Culture-PCR for Detection of Cryptosporidium spp. in Source Waters."
Appl. Environ. Microbiol. 69(2): 971-979.

175

References

LeChevallier, M. W., W. D. Norton, et al. (1991b). "Occurrence of Giardia and
Cryptosporidium spp. in surface water supplies." Appl. Environ. Microbiol. 57(9):
2610-2616.
LeChevallier, M. W., W. D. Norton, et al. (1995). "Evaluation of the
immunofluorescence procedure for detection of Giardia cysts and Cryptosporidium
oocysts in water." Appl. Environ. Microbiol. 61(2): 690-697.
LeChevallier, M. W., W. D. Norton, et al. (1991a). Evaluation of a method to detect
Giardia and Cryptosporidium in water, p. 483–498. In J. R. Hall and G. D. Glysson
(ed.), Monitoring water in the 1990s: meeting new challenges. American Society for
Testing and Materials, Philadelphia, Pa.
Lee, S. H., D. A. Levy, et al. (2002). "Surveillance for waterborne-disease outbreaksUnited States, 1999– 2000. ." MMWR 51: 1–47.
Leetz, A. S., I. Sotiriadou, et al. (2007). "An evaluation of primers amplifying DNA
targets for the detection of Cryptosporidium spp. using C. parvum HNJ-1 Japanese
isolate in water samples." Parasitol Res 101: 951-962.
Lemmon, J. M., J. M. McAnulty, et al. (1996). "Outbreak of cryptosporidiosis linked
to an indoor swimming pool." Medical Journal of Australia 165: 613-616
Lester, R. (1992). A Mixed Outbreak of Cryptosporidiosis and Giardiasis, 1. Update:
Newsletter of the Health Protection Section. Public Health Division,. D. o. H. a. C.
Services. Victoria: 14-15.
Levine, N. D. (1982). "The genus Atoxoplasma (Protozoa, Apicomplexa). ." J.
Parasitol 68: 719–723.
Levine, N. D., J. O. Corliss, et al. (1980). "A newly revised classification of the
protozoa. ." J. Protozool. 27: 37-58.
M Hellard, J Hocking, et al. (2003). "Risk factors leading to Cryptosporidium
infection in men who have sex with men " Sex Transm Infect 79: 412-414.
Ma, P., D. L. Kaufman, et al. (1985 ). " Cryptosporidiosis in tourists returning from
the Caribbean. ." N. Engl. J. Med. 312: 647-648.
Ma, P., T. G. Villanueva, et al. (1984). " Respiratory cryptosporidiosis in the
acquired immune deficiency syndrome: use of modified cold Kinyoun and
hemacolor stains for rapid diagnosis. ." JAMA 252: 2269-2275.
Mackenzie, w. (1994). "A massive outbreak in Milwaukee of Cryptosporidium
infection transmitted through the public water supply. ." The New England Journal of
Medicine 331: 161-167.
Maguire (2003 ). AWWARF ICR Data Analysis.

176

References

Mahajan, M., M. Kathur, et al. (1992). "Cryptosporidium in east Delhi children "
J.Commun. Dis 24: 133.
Mahdi, N., I. Al-Sadoon, et al. (1996). "First report of cryptosporidiosis among Iraqi
children." Medical Journal of Basra University 2: 115-120.
Maldonado-Camargo, S., E. R. Atwill, et al. (1998). "Prevalence of and risk factors
for shedding of Cryptosporidium parvum in Holstein Freisian dairy calves in central
México." Preventive Veterinary Medicine 36(2): 95-107.
Manivel, C. A., A. Filipovich, et al. (1985). " Cryptosporidiosis as a cause of
diarrhea following bonemarrow transplantation. ." Dis. Colon Rectum 28: 741-742.
Margulis, L. (1971). Whittaker's five kingdoms of organisms: minor revisions
suggested by considerations of the origin of mitosis. Evolution 25:242-245.
Margulis, L. and K. V. Schwartz (1998). Five Kingdoms: An Illustrated Guide to the
Phyla of Life on Earth, 3rd. Ed. W. H. Freeman, New York. 520 pp.
Margulis, L. and K. V. Schwartz (1982). Five Kingdoms: An Illustrated Guide to the
Phyla of Life on Earth: San Francisco, W.H. Freeman & Co., 338 p.
Margulis, L. and K. V. Schwartz (1988). Five kingdoms, 2nd ed. Freeman, New
York.
Marshall R. (1991). "Lothian cases of Cryptosporidium 1989: a surveillance
scheme." Communic. Dis. Environ. Health Scot. Wkly.Rep. 25: 5.
Mata L. (1986). "Cryptosporidium and other protozoa in diarrheal disease in less
developed countries. Pediatr Infect Dis; 5(suppl):S 117-29.".
Mathan MM., Venkatesan S., et al. (1985). "Cryptosporidium and diarrhoea in
southern Indian children. Lancet;2:1172-5.".
Matheson, Z., T. M. Hargy, et al. (1998). "An evaluation of the Gelman
Envirochek&reg; capsule for the simultaneous concentration of Cryptosporidium and
Giardia from water." Journal of Applied Microbiology 85(4): 755-761.
Mayer, C. and C. J. Palmer (1996). "Evaluation of PCR, nested PCR, and fluorescent
antibodies for detection of Giardia and Cryptosporidium species in wastewater. ."
Appl. Environ. Microbiol. 62: 2081–2085.
McCuin, R. M., Z. Bukhari, et al. (2001). "Recovery of Cryptosporidium oocysts and
Giardia cysts from source water concentrates using immunomagnetic separation."
Journal of Microbiological Methods 45(2): 69-76.
McCuin, R. M. and J. L. Clancy (2003). "Modifications to United States
Environmental Protection Agency Methods 1622 and 1623 for Detection of

177

References

Cryptosporidium Oocysts and Giardia Cysts in Water." Appl. Environ. Microbiol.
69(1): 267-274.
Meinhardt, P. L., D. P. Casemore, et al. (1996). "Epidemiologic Aspects of Human
Cryptosporidiosis and the Role of Waterborne Transmission." Epidemiol Rev 18(2):
118-136.
Meisel, J. L., D. R. Perera, et al. (1976). "Overwhelming watery diarrhea associated
with a Cryptosporidium in an immunosuppressed patient." Gastroenterology 70(6):
1156-1160.
Michel, M., A. Khalifa, et al. (2000). "Detection of the Cryptosporidium parvum
antigen by co-agglutination test and ELISA." Eastern Mediterranean Health Journal
6(5): 898-907.
Miller, K., C. Duran-Pinales, et al. (1994). "Cryptosporidium parvum in children
with diarrhea in Mexico." Am. J. Trop. Med. Hyg 51: 322.
Milstein, T. C. and J. M. Goldsmid. (1995). "The presence of Giardia and other
zoonotic parasites of urban dogs in Hobart, Tasmania. Aust. ." Vet. J. 72: 154–155.
Misic, Z. and N. Abe (2007). "Subtype analysis of Cryptosporidium parvum isolates
from calves on farms around Belgrade, Serbia and Montenegro, using the 60 kDa
glycoprotein gene sequences." Parasitology 134: 351–358.
Miyaji, S., Y. Sakanashi, et al. (1990). "Cryptosporidial infections in calves in Kanto
District, Japan, and experimental infections in mice. ." Jpn. J. Vet. Sci. 52, 435–437.
Molbak, K., P. Aaby, et al. (1994). "Risk factors for Cryptosporidium diarrhea in
early childhood: a case-control study from Guinea-Bissau, West Africa." Am. J.
Epidemiol: 139, 734.
Monis, P. T. and C. P. Saint (2001). "Development of a nested-PCR assay for the
detection of Cryptosporidium parvum in finished water. ." Water Res. 35: 1641–
1648.
Morgan, U., R. Weber, et al. (2000). "Molecular Characterization of
Cryptosporidium Isolates Obtained from Human Immunodeficiency Virus-Infected
Individuals Living in Switzerland, Kenya, and the United States." J. Clin. Microbiol.
38(3): 1180-1183.
Mori, Y. and T. Notomi (2009). "Loop-mediated isothermal amplification (LAMP): a
rapid, accurate, and cost-effective diagnostic method for infectious diseases." J.
Infect. Chemother 15: 62–69.
Moro, D., M. A. Lawson, et al. (2003). " Pathogens of house mice on arid Boullanger
Island and subantarctic Macquarie Island, Australia. ." J. Wild. Dis. 39: 762–771.

178

References

Musial, C. E., M. J. Arrowood, et al. (1987). "Detection of Cryptosporidium in water
by using polypropylene cartridge filters." APPLIED AND ENVIRONMENTAL
MICROBIOLOGy 53(4): 687-692.
Nahrstedt, A. and R. Gimbel (1996). "A statistical method for determining the
reliability of the analytical results in the detection of Cryptosporidium and Giardia in
water." Journal of Water Supply: Research and Technology 45(3): 101-111.
National Health & Medical Research Council (2004). Australian Drinking Water
Guidelines. http://www.nhmrc.gov.au/publications/synopses/eh19syn.htm#comp.
Naumova, E., J. Christodouleas, et al. (2005). "Effect of precipitation on seasonal
variability in cryptosporidiosis recorded by the North West England surveillance
system in 1990-1999 " J Water Health 3: 185–196.
Nichols, R. A. B., B. M. Campbell, et al. (2003). "Identification of Cryptosporidium
oocysts in United Kingdom noncarbonated natural mineral waters and drinking
waters using a modified nested PCR-restriction fragment length polymorphism
assay. ." Appl. Environ. Microbiol. 69: 4183–4189.
Nichols, R. A. B., J. E. Moore, et al. (2006). "A rapid method for extracting oocyst
DNA from Cryptosporidium-positive human faeces for outbreak investigations."
Journal of Microbiological Methods 65(3): 512-524.
Nieminski, C. E., W. Frank, et al. (1995). "Comparison of Two Methods for
Detection of Giardia Cysts and Cryptosporidium Oocysts in Water." Applied and
environmental microbiology 61(5): 1714–1719.
Nime, F. A., J. D. Burek, et al. (1976). "Acute enterocohtis in a human being infected
with the protozoon cryptospondium " Gastroenterology 70: 592-598.
Nimri L. F. and Hijazi S. S. (1994). "Cryptosporidium. A cause of gastroenteritis in
preschool children in Jordan. ." J clin Gastroenterol 19: 288-291.
Notomi, T., O. Hiroto, et al. (2000). "Loop-mediated isothermal amplification of
DNA " Nucleic Acids Res. 28(12): E63.
O'Brien, E., L. McInnes, et al. (2008). "Cryptosporidium GP60 genotypes from
humans and domesticated animals in Australia, North America and Europe."
Experimental Parasitology 118(1): 118-121.
O'Donoghue, P. J. (1995). "Cryptosporidium and cryptosporidiosis in man and
animals." International Journal for Parasitology 25(2): 139-195.
O’Handley RM, Cockwill C, et al. (1999). "Duration of naturally acquired giardiosis
and cryptosporidiosis in dairy calves and their association with diarrhea. ." J Am Vet
Med Assoc 214: 391–396.

179

References

Okafor, J. I. and p. O. Okunji (1994). "Cryptosporidium in patients with diarrgea in
five hospitals in Nigeria." J. Commun. Dis 26: 75.
Olson, M. E., N. J. Guselle, et al. (1997). "Giardia and Cryptosporidium in dairy
calves in British Columbia. ." Can. Vet. J. 38: 703–706.
Ong, C., W. Moorehead, et al. (1996). "Studies of Giardia spp. and Cryptosporidium
spp. in two adjacent watersheds." Appl. Environ. Microbiol. 62(8): 2798-2805.
Ongerth, J. E., G. D. Hunter, et al. (1995). "Watershed use and Giardia cyst
presence." Water Res. 29: 1295–1299.
Ongerth, J. (1994). A membrane filter method for Giardia and Cryptosporidium
concentrations in small volume water samples (Unpublished).
Ongerth, J. E. (1989). "Giardia cyst concentrations in river water. ." J. Am. Water
Wks. Assoc. 81(9): 81-86.
Ongerth, J. E. and H. H. Stibbs (1986). "Identification of Cryptosporidium oocysts in
river water. ." Appl. Environ. Microbiol. 53: 672-676.
Ongerth, J. E. and H. H. Stibbs (1987). "Identification of Cryptosporidium oocysts in
river water." Appl. Environ. Microbiol. 53(4): 672-676.
Ongerth, J. E. and H. H. Stibbs. (1989). "Identification of Cryptosporidium oocysts
in river water. ." Appl. Environ. Microbiol. 53(4): 672-676.
Orenstein, W., R. Cordell, et al. (1994). "Cryptosporidiosis in child care settings: a
review of the literature and recommendations for prevention and control." The
Pediatric infectious disease journal 13(4): 310-317.
Palmer, C. J., G. F. Bonilla, et al. (1995). "Detection of Legionella species in
reclaimed water and air with the EnviroAmp Legionella PCR kit and direct
fluorescent antibody staining. ." Appl. Environ. Microbiol. 61: 407–412.
Palmer, S. and A. Biffin (1987). "Cryptosporidiosis. Public Health Lab Serv
Microbiol Dig;4:6-7.".
Pape JW., Levine E., et al. (1987). "Cryptosporidiosis in Haitian children. Am J Trop
Med Hyg;36:333-7.".
Pareja, G., J. R. Cruz, et al. (1988). "Infection and diarrhea caused by
Cryptosporidium sp. among Guatemalan infants." Journal of clinical microbiology
26(1): 88-91.
Payment, P., A. Berte, et al. (2000). "Occurrence of pathogenic microorganisms in
the Saint Lawrence River (Canada) and comparison of health risks for populations
using it as their source of drinking water." Can. J. Microbiol. 46: 565–576.

180

References

Pickering, L. K., D. G. Evans, et al. (1981). "Diarrhea caused by Shigella, rotavirus,
and Giardia in day-care centers: Prospective study." The Journal of Pediatrics 99(1):
51-56.
Pickering, L. K., W. E. Woodward, et al. (1984). "Occurrence of Giardia lamblia in
children in day care centers." The Journal of Pediatrics 104(4): 522-526.
Pitlik, S. D., V. Fainstein, et al. (1983). "1983. Human cryptosporidiosisspectrum of
disease. ." Arch. Intern. Med. 143: 2269-2275.
Plutzer, J. and P. Karanis (2007). "Genotype and subtype analyses of
Cryptosporidium isolates from cattle in Hungary." Veterinary Parasitology 146(3-4):
357-362.
Plutzer, J. and P. Karanis (2009). "Rapid identification of Giardia duodenalis by
loop-mediated isothermal amplification (LAMP) from faecal and environmental
samples and comparative findings by PCR and real-time PCR methods "
Parasitology Res 104(6): 1527-1533.
Quilez, J., E. Torres, et al. (2008). "Cryptosporidium Genotypes and Subtypes in
Lambs and Goat Kids in Spain." Appl. Environ. Microbiol. 74(19): 6026-6031.
Quintero-Betancourt, W., E. R. Peele, et al. (2002). "Cryptosporidium parvum and
Cyclospora cayetanensis: a review of laboratory methods for detection of these
waterborne parasites." Journal of Microbiological Methods 49(3): 209-224.
Reinthaler F. F. (1989). "Epidemiology of Cryptosporidium in children in tropical
countries." J. Hyg. Epidemiol. Microbiol. Immunol 33: 505.
Riggs, J. L., K. Nakamura, and J. Crook. (1984). " Identifying Giardia lamblia by
immunofluorescence.": 234-238. .
Rimihanen-Finne, R., P. Ronkainen, et al. (2001). "Simultaneous detection of
Cryptosporidium parvum and Giardia in sewage sludge by IC-PCR. ." J. Appl.
Microbiol. 91: 1030–1035.
Robertson, L. J. and B. Gjerde (2001). "Occurrence of parasites on fruits and
vegetables in Norway." Journal of Food Protection 64(11): 1793-1798.
Rochelle, P. A., R. De Leon, et al. (1999). "Evaluation of Immunomagnetic
Separation for Recovery of Infectious Cryptosporidium parvum Oocysts from
Environmental Samples." Appl. Environ. Microbiol. 65(2): 841-845.
Rodgers, M. R., D. J. Flanigan, et al. (1995). "Identification of algae which interfere
with the detection of Giardia cysts and Cryptosporidium oocysts and a method for
alleviating this interference " Appl. Environ. Microbiol 61: 3759–3763.
Rose, J. (1997). "Environmental ecology of Cryptosporidium and public health
implications." Annu Rev Public Health. 18: 135–161.
181

References

Rose, J., D. Huffman, et al. (2002). "Risk and control of waterborne
cryptosporidiosis. ." FEMS Microbiol Rev. 26: 113–123.
Rose, J. B., A. Cifrino, et al. (1986). "Detection of Cryptosporidium from wastewater
and freshwater environments. ." Water Sci. Technol. 18: 233–239.
Rose, J. B., C. P. Gerba, et al. (2002). "Survey of potable water supplies for
Cryptosporidium and Giardia." Environmental Science & Technology 25(8): 13931400.
Rose, J. B. and K. Botzenhardt (1990). "Cryptosporidium and Giardia in Wasser,
Nachweisverfahren, Ha¨ufigkeit und Bedeutung als Krankheitserreger." GWF
Wasser-Abwasser 131: 563–572.
Rose, J. B., L. K. Landeen, et al. (1989). "Evaluation of immunofluorescence
techniques for detection of Cryptosporidium oocysts and Giardia cysts from
environmental samples." APPLIED AND ENVIRONMENTAL MICROBIOLOGy
55(12): 3189-3196.
Rose, J. G. (1988). "Occurrence and significance of Cryptosporidium in water. ." J.
Am. Water Works Assoc. 80(2): 53-58.
Roy, S. L., S. M. DeLong, et al. (2004). "Risk Factors for Sporadic Cryptosporidiosis
among Immunocompetent Persons in the United States from 1999 to 2001." J. Clin.
Microbiol. 42(7): 2944-2951.
Ruest, N., G. M. Faubert, et al. (1998). "Prevalence and geographical distribution of
Giardia spp. and Cryptosporidium spp. in dairy farms in Québec." Can Vet J. 39(11):
697–700. .
Rush, B. A., R. A. Chapman, et al. (1990). "A probable waterborne outbreak of
cryptosporidiosis in the Sheffield area. ." J. Med. Microbiol. 32: 239-242.
Sallon, S., R. Deckelbaum, et al. (1988). "Cryptosporidium, Malnutrition, and
Chronic Diarrhea in Children." American Journal of Diseases of Children 142: 312315.
Sallon, S., R. el-Shawwa, et al. (1994). "Diarrhoeal disease in children in Gaza." Ann
Trop Med Parasitol 88(2): 175-182.
Sameer M. Abu-Alrub, Gabi M. Abusada, et al. (2008). "Prevalence of
Cryptosporidium spp. in children with diarrhoea in the West Bank, Palestine." J
Infect Developing Countries 2(1): 59-62.
Savioli, L., H. Smith, et al. (2006). "Giardia and Cryptosporidium join the
'Neglected Diseases Initiative'." Trends Parasitol. 5: 203-208.

182

References

Scott, C. A., H. V. Smith, et al. (1995). "An epidemiological study of
Cryptosporidium parvum in two herds of adult beef cattle." Veterinary Parasitology
57(4): 277-288.
Shaw, P. K., R. E. Brodsky, et al. (1977). "A communitywide outbreak of giardiasis
with evidence of transmission by a municipal water supply. ." Annals of Internal
Medicine 87: 426-432.
Shianna, K. V., R. Rytter, et al. (1998). "Randomly amplified polymorphic DNA
PCR analysis of bovine Cryptosporidium parvum strains from the watershed of the
Red River of the North. ." Appl. Environ. Microbiol. 64: 2262–2265.
Simmons, O. D., M. D. Sobsey, et al. (2001). "Evaluation of USEPA method 1622
for detection of Cryptosporidium oocysts in stream waters." American Water Works
Association. Journal 93(1): 78.
Skeels, M. R., R. Sokolow, et al. (1990). "Cryptosporidium infection in Oregon
public health clinic patients 1985-88: the value of statewide laboratory surveillance."
Am J Public Health 80(3): 305-308.
Sluter, S. D., S. Tzipori, et al. (1997). "Parameters affecting polymerase chain
reaction detection of waterborne Cryptosporidium parvum oocysts." Appl Microbiol
Biotechnol 48(3): 325-330.
Smith, H. V., S. M. Cacciò, et al. (2007). "Cryptosporidium and Giardia as
foodborne zoonoses." Veterinary Parasitology 149(1-2): 29-40.
Smith, H. V., S. M. Cacciò, et al. (2006). "Tools for investigating the environmental
transmission of Cryptosporidium and Giardia infections in humans." Trends in
Parasitology 22(4): 160-167.
Smith, H. V., B. M. Campbell, et al. (2002). "Significance of enhanced
morphological detection of Cryptosporidium sp. oocysts in water concentrates
determined by using 4',6'-diamidino-2-phenylindole and immunofluorescence
microscopy." APPLIED AND ENVIRONMENTAL MICROBIOLOGy 68(10):
5198.
Smith, H. V., W. J. Patterson, et al. (1989). " An outbreak of waterborne
cryptosporidiosis caused by post treatment contamination. ." Epidemiol. Infect. 103:
705-715.
Sogin, M. L., J. H. Gunderson, et al. (1989). "Phylogenetic meaning of the kingdom
concept: an unusual ribosomal RNA from Giardia lamblia." Science 243: 75–77.
Solo-Gabriele, H. and S. Neumeister (1996). "US outbreaks of cryptosporidiosis."
American Water Works Association. Journal 88(9): 76. 11 pgs.
Sotiriadou, I. and P. Karanis (2008). "Evaluation of loop-mediated isothermal
amplification for detection of Toxoplasma gondii in water samples and comparative
183

References

findings by polymerase chain reaction and immunofluorescence test (IFT)."
Diagnostic Microbiology and Infectious Disease 62(4): 357-365.
Stiles, C. W. (1902). "The type species of certain genera of parasitic flagellates,
particularly Grassi’s genera of 1879 and 1881. ." Zool. Anz. 25:689.
Sturbaum, G. D., P. T. Klonicki, et al. (2002). "Immunomagnetic Separation (IMS)Fluorescent Antibody Detection and IMS-PCR Detection of Seeded Cryptosporidium
parvum Oocysts in Natural Waters and Their Limitations." Appl. Environ. Microbiol.
68(6): 2991-2996.
Sturbaum, G. D., C. Reed, et al. (2001). "Species-specific, nested PCR-restriction
fragment length polymorphism detection of single Cryptosporidium parvum oocysts.
." Appl. Environ. Microbiol. 67: 2665–2668.
Sulaiman, I. M., P. R. Hira, et al. (2005). "Unique Endemicity of Cryptosporidiosis
in Children in Kuwait." J. Clin. Microbiol. 43(6): 2805-2809.
Sullivan P, Woodward WE, et al. (1984). "Longitudinal study of occurrence of
diarrheal disease in day care centers." Am J Public Health 74: 987-991.
Sydney Water Annual Water Quality Reports (1999-2009). (Ref in 10 yr Rev.
Rept….web ref).
Thekisoe, O. M. M., N. Inoue, et al. (2005). "Evaluation of loop-mediated isothermal
amplification (LAMP), PCR and parasitological tests for detection of Trypanosoma
evansi in experimentally infected pigs." Veterinary Parasitology 130(3-4): 327-330.
Thompson, R. C. A. and P. T. Monis (2004). "Variation in Giardia: implications for
taxonomy and epidemiology." Advances in parasitology 58 69-137.
Thomson, M. A., J. W. Benson, et al. (1987). "Two year study of Cryptosporidium
infection." Archives of disease in childhood 62(6): 559-563.
Tsushima, Y., P. Karanis, et al. (2003). "Viability and infectivity of Cryptosporidium
parvum oocysts detected in river water in Hokkaido, Japan. ." J. Vet. Med. Sci. 65:
585–589.
Tyzzer, E. E. (1907). "A sporozoan found in the petic glands of the common mouse.
." Proc. Soc. Exp. Biol. Med. 5: 12-13.
Tzipori, S. (1983). "Cryptosporidiosis in Animals and Humans. ." Microbiological
Reviews 47(1): 84-96.
Tzipori, S., K. W. Angus, et al. (1980). "Cryptosporidium: Evidence for a SingleSpecies Genus. ." Infection and Immunity 30(3): 884-886.

184

References

U.S. Environmental Protection Agency (1996). Information collection rule. ICR
microbial laboratory manual. EPA/600/R-695/178. Office of Research and
Development, U.S. Environmental Protection Agency, Washington, D.C.
U.S. Environmental Protection Agency (1998). "USEPA method 1622:
Cryptosporidium in water by filtration/IMS/IFA. EPA 821-R-98–010. Office of
Water, U.S. Environmental Protection Agency, Washington, D.C.".
U.S. Environmental Protection Agency (1999). "Method 1623: Cryptosporidium and
Giardia in water by filtration/IMS/FA. EPA 821-R-99–006. Office of Water, U.S.
Environmental Protection Agency, Washington, D.C.".
U.S. Environmental Protection Agency (2005). Method 1623: Cryptosporidium and
Giardia in water by filtration/IMS/FA. Office of Water. U.S. Government Printing
Office, Washington, DC. EPA 1815-R-1605-1002.
U.S. Environmental Protection Agency (USEPA) (2006). "National Primary
Drinking Water Regulations: Long Term 2 Enhanced Surface Water Treatment
Rule." Federal Register 71(73):654-686.
Ungar, B. L. (1990). "Cryptosporidiosis in humans (Homo sapiens). In: Dubey, J.P.;
Speer, C.A.; Fayer, R. Cryptosporidiosis of man and animals. Boca Raton, CRC
Press, p. 59-82.".
Upton, S. J. (2000). Suborder Eimeriorina. In Lee JJ, Leedale GF, Bradbury P (eds)
An Illustrated Guide to the Protozoa. Society of Protozoologists, Lawrence. Kansas,
pp 318—339.
US EPA method 1623 (2001). Cryptosporidium and Giardia in water by
filtration/IMS/FA. EPA-821-R-01-025, pp. 1–58. Centers for Disease Control. 1984.
Cryptosporidiosis among children attending daycare centers. Morbid. Mortal.
Weekly Rep. 33:599-601.
Van, R., A. V. Bartlett, et al. (1990). "Longitudinal Study of Giardia lamblia
infection in a day care center population." The Pediatric infectious disease journal
9(3): 186-189.
Vesey, G. and J. Slade. (1991). "Isolation and identification of Cryptosporidium from
water " Water Sci. Technol 24: 165–167.
Vickerman, K. (1982). Zoomastigophora. In Parker, S.P., Synopsis and Classification
of Living Organisms, vol. 1. McGraw-Hill, New York: 496-508.
Viring, S., S. O. Olsson, et al. (1993). "Studies of entericpathogens and g-globulin
levels of neonatal calves in Sweden." Acta Vet Scand 34(3): 271–279.
Vuorio, A. F., A. M. M. Jokipii, et al. (1991). "Cryptosporidium in asymptomatic
children." Rev. Infect. Dis 13: 261.

185

References

Wagner, C. and P. Kimmig (1992). "Cryptosporidium parvum and Giardia
lamblia—Vorkommen in Oberfla¨chen- und Trinkwasser. ." Gesundheitwes.
Desinfekt. 54: 662–665.
Wallis, P. M., D. Matson, et al. (2001). "Application of monitoring data for Giardia
and Cryptosporidium to boil water advisories." Risk Anal. 21: 1077–1085.
Wallis, P. M., S. L. Erlandsen, et al. (1996). "Prevalence of Giardia cysts and
Cryptosporidium oocysts and characterization of Giardia spp. isolated from drinking
water in Canada. ." Appl. Environ. Microbiol. 627: 2789–2797.
Wallis, P. M. and J.M. Buchanan-Mapin (1985). "Detection of Giardia cysts at low
concentrations in water using Nuclepore membranes " Wat. Res 19(3): 331-334
Ward, P. I., P. Deplazes, et al. (2003). "Detection eight Cryptosporidium genotypes
in surface and waste water in Europe. ." Parasitol 124: 359–368.
Wee, S.-H., H.-D. Joo, et al. (1996). "Evaluation for detection of Cryptosporidium
oocysts in diarrheal feces of calves. ." Korean J. Parasitol. 34: 121–126.
Weinstein, P., M. Macaitis, et al. (1993). "Cryptosporidial diarrhoea in South
Australia. An exploratory case-control study of risk factors for transmission. ." Med.
J. Australia 158: 117–119.
Whitacre, D. M., K. A. Reynolds, et al. (2008). Risk of Waterborne Illness Via
Drinking Water in the United States. Reviews of Environmental Contamination and
Toxicology, Springer New York. 192: 117-158.
Winn Jr., Washington, et al. (2006). Koneman’s Color Atlas and Textbook of
Diagnostic Microbiology. 6th ed. Philadelphia: Lippincott Williams & Wilkins,
1267-1270.
Woese, C. R., O. Kandler, et al. (1990). "Towards a natural system of organisms:
proposal for the domains Archaea, Bacteria, and Eucarya." Proc. Natl. Acad. Sci.
USA 87: 4576–4579.
Wolfson, J. S. (1985). "Cryptosporidiosis in Immunocompetent Patients." The New
England Journal of Medicine 312(20): 1278-1282.
Xiao, L., K. Alderisio, et al. (2000). "Identification of species and source of
Cryptosporidium oocysts in storm waters with a small-subunit rRNA-based
diagnostic and genotyping tool. ." Appl. Environ. Microbiol. 66: 5492–5498.
Xiao, L., R. Fayer, et al. (2004). "Cryptosporidium Taxonomy: Recent Advances and
Implications for Public Health." Clin. Microbiol. Rev. 17(1): 72-97.
Xiao, L., A. Singh, et al. (2001). "Molecular characterization of Cryptosporidium
oocysts in samples of raw surface water and wastewater. ." Appl. Environ.
Microbiol. 67: 1097–1101.
186

References

Youn, S., M. Kabir, et al. (2009). "Evaluation of a Screening Test for Detection of
Giardia and Cryptosporidium Parasites " J Clin Microbiol. 47(2): 451–452.

187

